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Touch sensation is initiated by diverse mechanosensory neurons that innervate distinct skin 
structures; however, little is known about how touch receptors are patterned during mammalian 
skin development.  During the course of my PhD training, I analyzed embryonic and neonatal 
development of mouse touch domes, which contain Merkel cell-neurite complexes that encode 
pressure and object features.  I found that developing touch domes share three key features with 
canonical sensory placodes: discrete patches of specialized epithelial, co-clustered mesenchymal 
cells capable of engaging in molecular crosstalk with the epithelium, and selective recruitment of 
sensory neurons.  During embryogenesis, molecularly distinct patches of epithelial Merkel cells 
and keratinocytes clustered with a previously unsuspected population of BMP4-expressing dermal 
fibroblasts in nascent touch domes.  Concurrently, two populations of sensory neurons 
preferentially targeted touch domes compared with other skin regions.  Surprisingly, only one 
neuronal population persisted in mature touch domes.  Overexpression of Noggin, a BMP 
antagonist, in epidermis at embryonic age 14.5 resulted in fewer touch domes, a loss of Merkel 
cells, and decreased innervation density in skin areas where touch domes are typically found.  
Thus, touch domes bear hallmarks of placode-derived sensory epithelia that require BMP signaling 
for proper specification.
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This chapter largely comprises text from a published Development review article (Jenkins 
and Lumpkin, 2017).  The text has been adapted here with permission from Development. 
https://doi.org/10.1242/dev.120402.  Drs. David Owens and Yanne Doucet assisted with 
conception of this article.  Members of the Lumpkin laboratory engaged in helpful discussions.  
Drs Theanne Griffith, Yalda Moayedi and Cynthia Crawford provided valuable comments on the 
manuscript. 
 
Like all senses, the sense of touch allows us to gather information about the people and things in 
the world around us.  What sets touch apart is its intimacy, as it requires direct contact with skin, 
the sensory organ of tactile sensation.  Humans constantly rely on tactile feedback for mundane 
tasks such as fishing keys out of a cluttered pocket as well as essential behaviors such as 
manipulating food to feed ourselves and our offspring.  Touch is also required for normal cognitive 
development in mammals. Indeed, tactile hyper- or hypo- sensitivity is a hallmark of 
neurodevelopmental disorders in children, including autism spectrum disorder (Blakemore et al., 
2006; Cascio et al., 2008; Tomchek and Dunn, 2007).  Despite the profound implications of early 
tactile input in cognitive function, the mechanisms that mediate mammalian touch receptor 
development remain mysterious. 
The neurons that transform touch stimuli at the skin surface into electrical impulses – the 
currency of the nervous system – are known as mechanoreceptors.  Two main types of 
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mechanoreceptors innervate mammalian skin: low-threshold mechanoreceptors (LTMRs; see 
Glossary, Appendix A) are tuned to respond to gentle touch, whereas nociceptors (see Glossary, 
Appendix A) encode forces in the noxious (harmful) range.  LTMRs can be further classified based 
on functional properties and molecular markers (Table 1.1; Fig. 1.1).  Aδ-LTMRs, for example, 
detect hair follicle deflection (Rutlin et al., 2014), whereas some types of Aβ-LTMRs allow for 
high-acuity sensation (Bai et al., 2015; Li et al., 2011; Wellnitz et al., 2010), and C-LTMRs are 
proposed to convey information about social touch (Liljencrantz and Olausson, 2014; Liu et al., 
2007; Olausson et al., 2010; Vrontou et al., 2013; Wessberg et al., 2003).  These classes were 
originally designated based on classic electrophysiological and histological studies. Aβ- and Aδ-
LTMR neurons are distinguished by their medium-to-large diameter, myelinated axons and 
medium-to-fast conduction velocities (Table 1.1; Gasser, 1941; Horch et al., 1977).  Conversely, 
C-fibers possess small axonal diameters and exhibit slow conduction velocities.  In total, seven 
subclasses of low-threshold mechanoreceptors, a substantial portion of the 17 subtypes of putative 
somatosensory neurons (see Glossary, Appendix A; Usoskin et al., 2015), have been further 
distinguished by a combination of genetic, morphometric and physiological approaches.  This 
variety has spurred research into how distinct classes of mechanoreceptors are specified during 
development. 
Although they are diverse, mechanoreceptors and other somatosensory neurons share a basic 
structural plan.  The cell bodies of LTMRs are housed with those of other somatosensory neurons 
in dorsal root ganglia (DRG; see Glossary, Appendix A).  Each somatosensory neuron bears a 
pseudounipolar axon, or afferent (see Glossary, Appendix A).  Peripheral branches innervate skin 
or other target organs, whereas central branches innervate the spinal cord and/or hindbrain.  Thus, 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1.1.  Mechanosensory end organs in skin 
Touch receptors of hairy and glabrous skin are highly diverse.  The barrier layer of skin is 
composed of a stratified, keratinocyte-rich epidermis and a fibroblast- and collagen- and adipose-
rich dermis.  (A) Hairy skin is decorated with distinct types of hair follicles.  Guard/tylotrich hairs 
are the rarest hair type, and also the longest.  Awl/auchene hairs and zigzag hairs make up the bulk 
of the hairs in the mouse coat.  Each hair type is associated with a unique complement of sensory 
neurons.  Lanceolate and circumferential endings wrap around the bulge region of hair follicles, 
which stretches between the sebaceous gland and the connection site of arrector pili muscles.  Note 
that all lancolate endings intercalate with the protrusions of terminal Schwann cells, one of which 
is shown in the schematic (yellow).  Other neurons innervate touch domes, which are discrete, 
raised zones of the skin adjacent to guard hairs.  These neurons innervate epidermal Merkel cells 
(teal).  (B) Instead of hairs, hallmarks of glabrous skin include invaginations of the epidermis 
called rete ridges.  Dermal zones between rete ridges are called dermal papillae.  Merkel cells and 
their associated afferents are found at the base of rete ridges, whereas Meissner’s corpuscles 
protrude into dermal papillae.  Adapted with permission from Jenkins and Lumpkin (2017). 
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At the periphery, distinct complements of LTMRs innervate hair-bearing skin compared with 
glabrous, or hairless, skin on the palms and soles of feet (Fig. 1.1; Dell and Munger, 1986; Halata 
and Munger, 1983; Li et al., 2011; Miller et al., 1958; Munger and Halata, 1983; Munger and Ide, 
1988; Vallbo et al., 1999).  In primates, glabrous skin contains four principal types of Aβ-LTMRs 
(Johnson et al., 2000; Miller et al., 1958).  Complexes between Merkel cells (see Glossary, 
Appendix A) and Aβ-LTMRs, which are arranged at the base of rete ridges in glabrous skin, detect 
sustained touch as well as object features such as edges and curvature (Goodwin et al., 1995; Iggo 
and Muir, 1969; Phillips et al., 1990).  Also present are encapsulated endings such as Meissner 
corpuscles, which respond best to low-frequency vibration (Talbot et al., 1968), Pacinian 
corpuscles, which encode high-frequency vibrations (Talbot et al., 1968), and Ruffini endings, 
which detect skin stretch (Johansson and Vallbo, 1979; Johnson et al., 2000).  The complement of 
neuronal endings differs in hairy skin, as it is specialized less for high-acuity sensation and more 
for sensation of movement along the body surface.  In the mouse coat, for example, distinct 
combinations of C-, Aβ- and Aδ-LTMRs form collars around each type of hair follicle (Fig. 1.1; 
Li and Ginty, 2014; Wu et al., 2012).  These collars are complex, consisting of both fence-shaped 
lanceolate endings and neurons that wrap around these fences, called circumferential endings.  
Moreover, Merkel cell-neurite complexes form discrete clusters in touch domes (see Glossary, 
Appendix A), which are specialized epidermal structures that surround guard hairs.  These 
structures, which are visible to the naked eye, are raised owing to the presence of a thickened 
epidermis and columnar keratinocytes (see Glossary, Appendix A) and increased vascularization 
(Fig. 1.1; Doucet et al., 2013; Halata et al., 2003; Iggo and Muir, 1969; Moll et al., 1996; Moll et 
al., 1993; Pinkus, 1902; Reinisch and Tschachler, 2005; Smith, 1977; Woo et al., 2010).  The 
LTMRs that innervate hair follicles and touch domes are exquisitely sensitive to gentle touch 
stimulation. 
Recent studies, many of which have established the hairy skin of the mouse as a tractable 
model system for studying LTMR afferent targeting, have shown that hair follicles and touch 
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domes are discrete mechanosensory units that are innervated by unique complements of LTMRs.  
This finding, combined with concurrent advances in the field of skin development, set the stage to 
reveal how LTMRs establish and maintain appropriate innervation patterns.  This chapter first 
includes a summary of the current state of knowledge about how skin and sensory neurons develop 
in unison to enable a sense of touch.  Then, I will overview of the cellular and 
molecularmechanisms that drive specification of sensory neurons.  Next, the process of skin 
development is outlined.  I then describe current models for how touch receptors develop, with a 
particular focus on Merkel cell-neurite complexes and lanceolate endings.  Finally, I highlight 
research on invertebrate model systems that provides clues into the evolutionarily conserved 
mechanisms of touch receptor development. 
THE EARLY DEVELOPMENT AND SPECIFICATION OF MECHANORECEPTORS 
All somatosensory neurons, including LTMRs, arise from precursors called neural crest cells (see 
Glossary, Appendix A) at early developmental stages (Weston, 1970).  Neural crest cells are 
transient, multipotent cells that delaminate from the dorsal neural tube and migrate to the periphery 
in mice between embryonic day (E) 8.5 and E10 (Fig. 1.2; Serbedzija et al., 1990).  A subset of 
neural crest cells follow a ventromedial path to form clusters on each side of the neural tube 
(Serbedzija et al., 1990; Thiery et al., 1982).  As the embryo continues to grow from E9.5 to E13.5, 
these cells give rise to somatosensory neurons that coalesce into pairs of DRGs located in the 
intervertebral foramina (see Glossary, Appendix A) at each spinal level (Fig. 1.2; Frank and Sanes, 
1991; Marmigère and Ernfors, 2007). 
Somatosensory neuron heterogeneity is first established by temporal waves of cell fate 
specification (Frank and Sanes, 1991; Ma et al., 1999).  All somatosensory neurons require 
expression of either neurogenin 1 or 2 (Ngn1, 2; also known as Neurog1, 2), which encode basic 
helix-loop-helix transcription factors (Ma et al., 1999).  Neurons specified early (E9.5 to E11.5) 
express Ngn2.  These neurons generally include Aβ and Aδ afferents with large-diameter cell 
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Figure 1.2.  Timelines of skin and sensory neuron development 
The skin originates from the ectoderm (brown) and mesoderm (grey), which give rise to epidermis 
and dermis, respectively.  Guard hairs are specified as epidermal placodes (pink); Merkel cells 
(teal) appear within and adjacent to developing guard hairs by E15.5.  At roughly E16.5, a new 
crop of placodes appears that will become awl/auchene hairs.  From E18.5 onward, additional 
waves of folliculogenesis generate zigzag hairs.  All hair types elongate down into the dermis until 
P21, when folliculogenesis is complete.  Development of dorsal root ganglia (DRG) occurs in 
parallel with skin development.  At E8.5, neural crest cells delaminate from the neural tube and 
coalesce to form DRG.  Large diameter mechanosensitive neurons are born in the first wave of 
specification at E9.5.  Small diameter neurons are specified beginning one day later at E10.5.  DRG 
neuron precursors continue to proliferate and generate large and small diameter neurons until 
E13.5.  From E13.5 onward, somatosensory afferents elongate from DRG to innervate the skin.  A 
subset of the tactile endings that form in the skin from E18.5 onward are schematized.  Adapted 
with permission from Jenkins and Lumpkin (2017). 
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bodies (Fig. 1.2) and myelinated axons.  They are fated to become either LTMRs or 
proprioceptors (see Glossary, Appendix A), which sense joint position and muscle contraction 
(Banks et al., 2009; Goldstein et al., 1991; Lawson and Biscoe, 1979; Ma et al., 1999; Sherrington, 
1911).  A second wave of neuronal specification requires expression of Ngn1 and spans from E10.5 
to E13.5.  Neurons born during this period are unmyelinated C afferents with small-diameter cell 
bodies.  They are primarily fated to become nociceptors, a subset of which respond to thermal or 
itch stimuli (Appendix A; Fig. 1.2; Bautista et al., 2014; Julius, 2013; Lawson and Biscoe, 1979; 
Ma et al., 1999; McKemy, 2013; Schepers and Ringkamp, 2010). 
Transcription factors that specify mechanoreceptors include MafA (Bourane et al., 2009) and 
c-Maf, which is now known simply as Maf (Hu et al., 2012; Wende et al., 2012).  Maf and MafA 
are both basic leucine zipper transcription factors that are expressed starting at roughly E11 and 
actively enhance specification of mechanosensory neurons, presumably by maintaining expression 
of the neurotrophin receptors Ret and Gfra2 (Bourane et al., 2009; Luo et al., 2009; Wende et al., 
2012).  Brn3a (Pou4f1) might also play a role in regulating touch receptor fate (Badea et al., 2012; 
Dykes et al., 2010).  Brn3a encodes a POU-domain transcription factor that binds histone H3-
acetylated chromatin in the runt-related transcription factor 3 (Runx3) locus and is thought to 
control Runx3 expression (Dykes et al., 2010).  Runx3 promotes proprioceptor fate between E11.5 
and E12 (Kramer et al., 2006).  At E13.5, 59% of DRG neurons display rapidly inactivating 
mechanically gated currents, a hallmark of LTMRs (Lechner et al., 2009).  A substantial proportion 
of these neurons are early-born, large-diameter neurons.  By 2 weeks of postnatal age, 
mechanoreceptive neurons are not yet fully mature, but several types of A afferents can be 
distinguished in ex vivo electrophysiological preparations (Koltzenburg et al., 1997).  Thus, 
mechanoreceptive neurons acquire sensitivity to touch very soon after specification, but require 
postnatal maturation to acquire their adult physiological properties. 
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THE INNERVATION OF SKIN BY MECHANORECEPTORS 
Following their specification, LTMRs and other somatosensory neurons simultaneously innervate 
the spinal cord and the periphery.  During this process, the architecture and molecular environment 
of skin rapidly change.  The neural tube, which will become the spinal cord, transforms drastically 
as interneurons are born and specified (Lai et al., 2016).  The process by which sensory axons 
target specific spinal cord subregions has been studied in detail and is the subject of several reviews 
(Gardiner, 2011; Masuda et al., 2009; O'Malley et al., 2014; Olson et al., 2016).  Although the 
molecular and cellular mechanisms that mediate innervation of peripheral target tissues are less 
understood, recent parallel investigations of skin biology and somatosensory neurons have begun 
to reveal how skin microdomains and touch receptors develop in unison. 
An overview of skin development 
Mammalian skin begins as two layers of cells that transform into a multilayered structure by the 
time of birth (Fig. 1.2; Koster and Roop, 2007).  The upper compartment consists of layers of 
keratinocytes that form the epidermis (see Glossary, Appendix A), a protective barrier that 
prevents water from evaporating from the body and protects internal organs from microbial insults 
and radiation (Hardman et al., 1998).  The deeper layers of skin, by contrast, are composed of 
loosely packed fibroblasts and a collagen-rich extracellular matrix that together form the dermis 
(see Glossary, Appendix A). 
The epidermis derives from the ectoderm (Byrne et al., 1994; Fernandes et al., 2004; Jinno et 
al., 2010; Liu et al., 2013; Ohtola et al., 2008; Rendl et al., 2005; Rivera-Pérez and Hadjantonakis, 
2014; Wong et al., 2006).  The initial epidermal layer is the periderm, a protective layer that covers 
the skin surface and dies by apoptosis as the skin barrier develops in utero (Hardman et al., 1998; 
M'Boneko and Merker, 1988; Richardson et al., 2014).  Between E9.5 and E18.5, the epidermis 
stratifies into distinct laminae: basal, spinous, granular and cornified (Fig. 1.2).  These laminae are 
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built sequentially, starting from the proliferative basal layer of cells and extending to enucleated 
keratinocytes in the surface cornified layer, which plays a key role in barrier function (Fig. 1.2; 
Byrne et al., 1994). 
Beneath the epidermis, the dermis forms from multiple cellular sources, including neural crest 
and mesodermal cells (Fernandes et al., 2004; Jinno et al., 2010; Ohtola et al., 2008; Wong et al., 
2006).  This skin compartment also stratifies between E12.5 and E18.5, transforming into an upper 
papillary dermis and a lower reticular dermis (Driskell et al., 2013; Sorrell and Caplan, 2004).  A 
deep layer called the hypodermis, primarily composed of fat cells, appears at postnatal stages 
(Driskell et al., 2013). 
In summary, skin is highly dynamic when sensory innervation develops.  This suggests that 
specialized mechanisms – perhaps mediated through secreted long-range signals and contact-
dependent short-range cues – help to guide axons as they grow toward their cutaneous targets. 
Mouse hair follicle development 
Hair follicles, which are the most abundant tactile structures in mammalian skin, begin to develop 
in embryogenesis.  In mice, for example, whisker follicles located on the lateral aspects of the face 
form at E12 and are innervated soon thereafter (Hasegawa et al., 2007; Munger and Rice, 1986; 
Schmidt-Ullrich and Paus, 2005).  At E13.5, an early hair-follicle marker, keratin 17 (Krt17; also 
known as K17), dots the epithelium over most of the body’s surface (Bianchi et al., 2005).  These 
K17-positive patches form three types of hair follicles in successive waves.  The first to develop 
are guard hairs, also known as tylotrich or primary hairs.  These long hairs are sparse, composing 
roughly 1% of the adult coat hair (Fig. 1.1; Lechner and Lewin, 2013; Li et al., 2011).  At E14.5, 
guard-hair keratinocyte precursors enlarge and elongate to form hair follicle placodes (see 
Glossary, Appendix A), which are thickened patches of epithelial cells that proliferate and 
invaginate to form follicles (Fig. 1.2; Paus et al., 1999).  Awl/auchene or secondary hair placodes, 
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which represent roughly 20% of coat hairs (Lechner and Lewin, 2013; Li et al., 2011), arise in a 
subsequent wave of follicle specification between E15.5 and E16 (Paus et al., 1999).  At this time, 
hairs also emerge on the tail.  At later stages of development, ranging from E17 to postnatal ages, 
zigzag or tertiary hairs tile the body surface (Lechner and Lewin, 2013; Paus et al., 1999).  Named 
after the bent appearance of their shafts, zigzag hairs make up the majority of the downy coat of 
mice.  Although the precise function of each hair type is unknown, electrophysiological surveys 
of hair follicle LTMRs have shed light on the possible mechanosensory function of each follicle 
subtype (Adrian and Zotterman, 1926; Adrian and Zotterman, 1926; Bai et al., 2015; Brown and 
Iggo, 1967; Burgess et al., 1968; Iggo and Muir, 1969; Li and Ginty, 2014; Li et al., 2011; Rutlin 
et al., 2014; Zotterman, 1939). 
Development of unique innervation patterns 
Each murine hair type is associated with a different complement of LTMRs (Figs 1.1 and 1.2; 
for a review, see Abraira and Ginty, 2013).  Guard hairs, which are also known as primary hairs, 
are innervated solely by myelinated Aβ- LTMR endings.  The terminals of these neurons include 
lanceolate endings, which are fence-shaped structures that align with the length of the hair follicle, 
and circumferential endings that wrap around the lanceolate terminals in thick bundles (Bai et al., 
2015; Halata, 1993; Ikeda et al., 2014; Li and Ginty, 2014; Li et al., 2011; Munger and Ide, 1988).  
In rodents, each guard hair is flanked by a touch dome containing Merkel cells innervated by 
slowly adapting Aβ-LTMRs.  Other hair types also recruit distinct combinations of sensory 
innervation.  Awl/auchene, or secondary, hairs are innervated by Aβ circumferential endings, as 
well as three molecularly distinct types of lanceolate endings that fall in to Aβ, Aδ and C classes.  
Finally, zigzag, or tertiary, hairs are innervated by Aδ-LTMR lanceolate endings, Aβ-LTMR 
circumferential endings and C-fiber lanceolate endings.  Thus, each hair follicle type is proposed 
to represent a distinctive mechanosensory unit (Bai et al., 2015; Li and Ginty, 2014; Li et al., 2011; 
Rutlin et al., 2014). 
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Two general models can account for how the unique innervation pattern of each hair type is 
achieved.  First, given that hair follicles and DRG neurons are born in waves, the timing of the 
arrival of each neuronal subtype to the skin could correlate with the timing of hair follicle 
maturation.  For example, zigzag hairs, the last hairs to arise on the skin surface, are innervated by 
a subset of afferents that excludes Aβ-LTMR lanceolate complexes.  This could be due to the fact 
that zigzag hairs have not been specified at the time when Aβ-LTMR lanceolate endings innervate 
their targets.  An alternative hypothesis is that each type of hair expresses a unique complement of 
molecular cues and that each LTMR class is programmed to express the cognate receptors.  It is 
likely that a combination of the two strategies is employed to ensure that each hair follicle type 
receives an appropriate pattern of innervation.  As discussed below, the search for cues that guide 
afferents to their target microdomains during development has begun to reveal how distinct 
mechanosensory organs form in skin.  I will first discuss lanceolate endings and Merkel cell-
neurite complexes, as recent progress has uncovered key cell types and molecular mechanisms that 
drive their development.  Current concepts about the development of other mechanoreceptors are 
then summarized. 
THE DEVELOPMENT OF LANCEOLATE ENDINGS: CUTANEOUS CELLS AND NEURONS GET IN TOUCH 
Aδ-LTMR lanceolate endings, which are also called down-hairs (D-hairs; Brown and Iggo, 1967; 
Brown et al., 1967; Rutlin et al., 2014), form hemi-collars on the caudal side of hair follicles 
(Figs 1.1 and 1.2; Li et al., 2011; Rutlin et al., 2014; Wu et al., 2012).  The polarized organization 
of Aδ-LTMR endings allows these afferents to preferentially detect rostral hair movements (Rutlin 
et al., 2014).  Aδ-LTMRs express TrkB (Ntrk2), a neurotrophin receptor that binds brain-derived 
neurotrophic factor (BDNF; Klein et al., 1991), whereas keratinocytes on the caudal sides of hair 
follicles express BDNF and participate in the selective targeting of Aδ-LTMRs to these hair 
follicles (Rutlin et al., 2014).  Indeed, the genetic deletion of keratinocyte-derived BDNF is 
sufficient to disrupt the organization of lanceolate endings, suggesting that BDNF acts as a target-
derived cue that guides afferent endings to their proper location (Rutlin et al., 2014).  In this case, 
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individual afferents are directionally selective but rostral preference is lost, underscoring the link 
between appropriate development of touch-receptor morphology and function (Rutlin et al., 2014).  
This example sets a precedent for specialized skin cells acting to promote accurate neural targeting.  
Given that the neurotrophin receptor Ret is required for the formation of Aβ lanceolate terminals 
(Bourane et al., 2009; Luo et al., 2009), it is possible that a subset of cells in guard and awl/auchene 
follicles express the Ret ligands glial cell line derived neurotrophic factor (GDNF), neurturin, 
artemin, and persephin (Airaksinen and Saarma, 2002).  Whether and how specific cell types 
orchestrate the patterning of circumferential endings and other LTMRs around hair follicles remain 
open questions. 
MERKEL-CELL AFFERENTS: A COUPLING OF RARE NEURONS WITH SPECIAL EPITHELIAL CELLS 
Whereas hair follicle afferents signal passive touch, Merkel cells and the afferents that innervate 
them are essential for active, discriminative touch.  First described by Friedrich Merkel in 1875 as 
‘Tastzellen’ or ‘touch cells’, Merkel cells are epidermally-derived cells that cluster in high-tactile 
acuity areas of vertebrate skin (Merkel, 1875).  Such areas include glabrous finger pads, lips, 
whisker follicles and touch domes (Halata et al., 2003; Lumpkin et al., 2003; Smith, 1977). The 
slowly adapting Aβ-LTMR afferents that innervate Merkel cells are specialized to mediate 
discriminative touch by encoding object features, such as shape and texture, as well as sustained 
pressure (Iggo and Muir, 1969; Johnson, 2001; Maricich et al., 2012; Wellnitz et al., 2010; 
Woodbury and Koerber, 2007). 
The rarest of the four fundamental cell types that compose the epidermis, Merkel cells have 
long been shrouded in mystery.  Merkel cells are unique because they are the only known neuron-
like cells in vertebrate skin.  Recent studies have confirmed the long-debated hypothesis that 
Merkel cells are mechanosensory cells required for tactile sensation (Ikeda et al., 2014; 
Maksimovic et al., 2014; Wallis et al., 2003; Woo et al., 2014).  Like most other epithelial sensory 
cells, Merkel cells form synapse-like contacts with primary afferents (Iggo and Muir, 1969; 
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Merkel, 1875).  Merkel cells also express presynaptic molecules (e.g. piccolo and synaptotagmin 
I) as well as an assortment of neuronal transcription factors (e.g. Atoh1, Gfi1, Isl1 and Lhx3; Ben-
Arie et al., 2000; Haeberle and Lumpkin, 2004).  Intriguingly, Merkel cells share histochemical 
and morphological features with cells found in a rare and exceedingly aggressive cancer called 
Merkel cell carcinoma.  Because of the unusual properties of Merkel cells, intense efforts have 
aimed to understand how these cells form and become integrated into functional mechanosensory 
organs. 
Merkel cell development 
Merkel cell specification requires Atoh1, a helix-loop-helix transcription factor (Fig. 1.3).  Atoh1 
is an ortholog of atonal, a proneural gene required for the development of mechanosensory 
chordotonal organs in Drosophila (Jarman et al., 1993).  Skin-specific ablation of Atoh1 totally 
abrogates Merkel cell specification (Morrison et al., 2009; Van Keymeulen et al., 2009).  
Downstream of Atoh1 activation, the transcription factor Sox2 is required to maintain Atoh1 
expression (Perdigoto et al., 2014).  Accordingly, the ablation of Sox2 results in a decrease in 
Merkel-cell number (Lesko et al., 2013).  Conversely, the Polycomb complex subunits Ezh1 and 
Ezh2 negatively regulate Merkel cell formation by inhibiting Sox2 (Bardot et al., 2013; Perdigoto 
et al., 2016).  Together, these findings highlight that Atoh1 and Sox2 work in concert to initiate 
and maintain Merkel cell fate (Fig. 1.3). 
Merkel cells first appear in mice in the dorsal skin of the trunk at E15.5 (Ben-Arie et al., 2000; 
Morrison et al., 2009; Perdigoto et al., 2014), one day after the initial specification of guard hair 
follicles.  Merkel cell specification depends on ectodysplasin-A (Eda), a tumor necrosis factor 
family member, and the Wnt and Sonic hedgehog (Shh) signaling pathways (Fig. 1.3).  In Tabby 
mice, in which Eda signaling is disrupted, guard hair follicles and Merkel cells in touch domes fail 
to develop (Vielkind and Hardy, 1996; Vielkind et al., 1995).  Dermal Wnt signaling activates 




Figure 1.3. Factors involved in Merkel-cell formation 
Guard, or tylotrich, hairs are specified at E14.5 in the trunk skin of mice.  This process is driven 
by epidermal expression of Eda and dermal expression of Edar, which is induced by Wnt signaling 
in the dermis.  Birth of nascent hair follicles is marked by the presence of epidermal placodes 
(pink).  One day later, Merkel cells (cyan) appear with budding guard hairs.  Their induction is 
postulated to result from Shh expression in the hair follicle.  This leads to the expression of Atoh1 
and Sox2, which encode transcription factors that work in concert to initiate and maintain Merkel 
cell specification.  Ezh1/2 expression surrounding other hair follicle types represses Atoh1, 




 in developing guard hair follicles (Xiao et al., 2016).  This process is thought to spur 
expression of Atoh1 and Sox2 in nearby Merkel cell precursors (Xiao et al., 2016).  Thus, a 
complex cascade of focal morphogen signaling presumably leads to the specific expression of 
Atoh1 in Merkel cell precursors (Fig. 1.3). 
The formation of Merkel cell-neurite complexes 
Aβ afferents begin to target Merkel cells during embryonic development (Nurse and Diamond, 
1984; Vielkind et al., 1995).  In Atoh1 knockout mice lacking Merkel cells, touch domes are 
innervated by Aβ afferents that are myelinated, have nodes of Ranvier, and respond to low-
threshold mechanical stimuli; however, these touch-dome afferents exhibit some striking 
phenotypic differences (Maksimovic et al., 2014; Maricich et al., 2009).  For example, in the 
absence of Merkel cells, touch-dome afferents display hyper-branched morphologies (Maksimovic 
et al., 2014; Maricich et al., 2009; Morrison et al., 2009).  They also show reduced firing rates 
during dynamic touch and truncation of the slowly adapting firing pattern seen in wild-type mice 
(Maksimovic et al., 2014).  Additionally, the expression of several neurotrophin receptors, 
including TrkB and TrkC (Ntrk3), is decreased in large-diameter DRG cell bodies (Reed-Geaghan 
et al., 2016).  Together, these studies suggest that Merkel cells express short-range cues that refine 
touch-dome afferents and influence their neuronal activity and gene expression patterns once they 
contact touch domes.  These findings also suggest that Merkel cells are not the cellular source of 
long- or intermediate-range target-derived guidance cues for the afferents that contact them; 
instead, they mediate neuronal maturation and refinement. 
Although the precise factors that are responsible for recruiting afferents to Merkel cell-
enriched skin areas remain elusive, several lines of evidence point to neurotrophin signaling as 
playing a key role.  Merkel cell afferents express TrkC, the receptor for the neurotrophin NT3 
(Ntf3) (Cronk et al., 2002; Niu et al., 2014).  Surprisingly, normal numbers of Merkel cell-neurite 
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complexes are present at birth in the touch domes and glabrous skin of Ntf3 homozygous knockout 
animals (Airaksinen et al., 1996; Szeder et al., 2003); however, Merkel cell numbers decrease 
dramatically by 2-3 weeks of age (Airaksinen et al., 1996).  This postnatal loss of Merkel cells 
also occurs in the whisker pad and is mediated by increased apoptosis (Halata et al., 2005).  Merkel 
cell loss can be rescued by NT3 overexpression in the epidermis (Krimm et al., 2000; Krimm et 
al., 2004).  Thus, these findings suggest that NT3 is not required for target innervation of Merkel 
cell-enriched skin areas but rather plays an essential role in touch-receptor maintenance. Similarly, 
Merkel cell-derived BDNF is not required for Aβ afferents to target touch domes; instead, Merkel 
cell-mediated secretion of BDNF at a specific time in embryogenesis (E16.5) influences neuronal 
firing patterns (Reed-Geaghan et al., 2016).  It has also been shown that Merkel-cell afferents are 
reduced at postnatal day (P) 0 in Ret knockout mice, implicating GDNF family ligands in the 
embryonic development of these LTMRs (Bourane et al., 2009).  These findings underscore the 
complex influence of neurotrophin signaling on afferent specification and maturation.  Together, 
these studies also highlight that Merkel cells secrete BDNF and possibly other factors that 
influence neuronal development or activity.  The roles and downstream effects of specific 
neurotrophins, morphogens, and transcription factors in the development of Merkel cells and 
LTMRs remain active areas of investigation in the field. 
MYSTERIOUS MECHANISMS OF ENCAPSULATED LTMR DEVELOPMENT 
The formation of encapsulated endings such as Meissner corpuscles, Pacinian corpuscles and 
Ruffini endings has also been studied, although less is known about how these endings arise during 
development.  During Meissner’s corpuscle development, mechanoreceptive neurons innervate the 
glabrous skin dermal papillae, which are zones of the dermis that extend superficially into the 
epidermis, perpendicular to the skin surface (Cauna, 1956; Miller et al., 1958).  At postnatal stages, 
these neurons become myelinated and their associated terminal Schwann cells transform into the 
lamellar cells that make up each corpuscle (Renehan and Munger, 1990; Zelena, 1994; Zelena et 
al., 1990).  Although Meissner afferents fall into the early Ret-positive class of LTMRs, Ret is 
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dispensable for their formation (Luo et al., 2009).  By contrast, TrkB appears to be required for 
proper innervation of Meissner’s corpuscles, as they are absent in TrkB mutant animals (Gonzalez-
Martinez et al., 2004; Luo et al., 2009; Perez-Pinera et al., 2008). 
The mechanisms of development of Pacinian corpuscles and Ruffini endings are less 
understood, in part because these endings are rare in the mouse peripheral nervous system. 
Although Pacinian corpuscles are not found in mouse skin, Ret signaling is required for 
development of these corpuscles in mouse interosseous membranes (Luo et al., 2009; Zelena, 
1981).  Downstream of Ret, neuregulin 1 functions in the innervating axons of Pacinian corpuscles 
to trigger terminal Schwann cell maturation (Fleming et al., 2016).  Ruffini endings are another 
touch receptor type that has rarely been located in mouse or primate skin (Honma et al., 2010; Pare 
et al., 2003; Pare et al., 2002; Rasmusson and Turnbull, 1986; Rice and Rasmusson, 2000; Ruffini, 
1894).  Notably, periodontal Ruffini endings are absent in TrkB mutant mice, highlighting 
conserved mechanisms of mechanoreceptor development across organs (Matsuo et al., 2002). 
OTHER SENSORY SYSTEMS REVEAL PRINCIPLES OF NEURONAL DEVELOPMENT 
Many developmental mechanisms are modular programs that are used in different contexts 
throughout evolution (Fig. 1.4).  A prime example is the essential role of Atoh orthologs in cell 
fate determination in various types of mechanosensory cells, including Merkel cells, Drosophila 
chordotonal organs, and vertebrate inner ear hair cells (see Glossary, Appendix A; Ben-Arie et al., 
2000; Ben-Arie et al., 1996; Bermingham et al., 1999).  As I discuss below, this and other 
similarities between Merkel cells and other sensory cell types can provide some insight into the 
development of mechanoreceptors. 
Hair cells derive their name from bundles of microvilli-derived stereocilia protruding from 
their apical surfaces.  When these tufts of stereocilia are deflected, hair cells translate sound and 






















































































































































































































































































































































Figure 1.4.  Mechanoreceptor development: insights from other sensory systems 
Epidermal Merkel cells display many similarities with other sensory cells types such as hair cells 
of the inner ear and taste cells.  (A) All cell types possess apical protrusions of their cell membranes 
and are innervated by sensory afferents. (B) All cell types express similar complements of genes 
during their development.  (C) Hair cells and taste cells develop from placodes. Based on this, I 
postulate that Merkel cells also arise from placodes; a potential model of placode-based Merkel 
cell formation is depicted.  Adapted with permission from Jenkins and Lumpkin (2017).  
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 afferents (Hudspeth and Jacobs, 1979).  Hair cells are present in the inner ear and, in aquatic 
vertebrates, in the lateral line (see Glossary, Appendix A).  Merkel cells similarly possess apical 
microvilli (Fig. 1.4A; Sekerková et al., 2004; Sekerková et al., 2006).  Like hair cells, Merkel cells 
are exquisitely mechanically sensitive (Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 
2014).  Furthermore, both cell types derive from epithelial precursors and require Atoh1 and Sox2 
for their specification (Fig. 1.4B; Bermingham et al., 1999; Dabdoub et al., 2008; Driver et al., 
2013; Kiernan et al., 2005; Maricich et al., 2009; Morrison et al., 2009; Neves et al., 2013; Van 
Keymeulen et al., 2009). 
Taste cells (see Glossary, Appendix A) also bear similarities to Merkel cells.  For example, 
both cell types arise from stratified epithelia but express Keratin 8, a marker of simple epithelia 
(Fig. 1.4B).  Both also express BDNF, which appears to influence the density and physiological 
hallmarks of their sensory afferents (Huang et al., 2015; Meng et al., 2015).  Finally, like hair cells 
and Merkel cells, taste cells require Sox2 for proper development (Okubo et al., 2006). 
Both hair cells and taste cells develop from placodes (Fig. 1.4C; Hall et al., 1999; Whitfield, 
2015), which are thickened patches of specialized epithelial cells.  Placodes also give rise to skin 
appendages (see Glossary, Appendix A), such as hair follicles, sebaceous glands, and feathers 
(Biggs and Mikkola, 2014; Piotrowski and Baker, 2014; Schlosser, 2005; Streit, 2004).  The otic 
placode gives rise to the otic vesicle, which is the source of all inner ear cell types.  Similarly, hair 
cells of zebrafish lateral line neuromasts develop from placodes that migrate along the body axis, 
depositing precursor cells along the way (Agarwala et al., 2015; Dambly-Chaudière et al., 2012; 
Metcalfe et al., 1985).  Based on the similarities between Merkel cells, taste cells and hair cells, I 
hypothesize that Merkel cells are also placode-derived cells.  The possibility that Merkel cells 
derive from placodes, in particular hair-follicle placodes, is suggested by several observations.  
First, Merkel cells initially appear both within and adjacent to the hair peg of guard hair follicles 
(Fig. 1.2; Ben-Arie et al., 2000; Morrison et al., 2009; Perdigoto et al., 2014; Vielkind et al., 1995).  
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Second, in mature mice, several hair types contain Merkel cells within their follicles, including 
whiskers, hairs on the distal limbs, and a subset of guard hairs (Li et al., 2011; McIlwrath et al., 
2007; Rice et al., 1997; Vielkind et al., 1995).  Third, polycomb mutations cause Merkel cells to 
develop within all hair follicle subtypes (Perdigoto et al., 2016). 
Two recent findings throw a wrench in the simple model that Merkel cells derive from hair-
follicle placodes.  One line of evidence comes from analysis of ShhCre;Rosa26YFP mice, in which 
all hair follicle-derived cells are marked in a Cre-dependent manner (Levy et al., 2005). This 
analysis showed that, although Merkel cells arise concurrently with the appearance of developing 
guard hairs, only 11% of Merkel cells express YFP in ShhCre;Rosa26YFP mice, indicating that 
they are largely derived from a lineage that is distinct from the hair follicle (Xiao et al., 2016).  
Second, interfollicular Merkel cells are found in mice harboring an Fgf20 null mutation, which 
disrupts guard hair development (Xiao et al., 2016).  These results indicate that Merkel cells in 
touch domes are not hair follicle derived.  NCAM-expressing cells that localize to hair follicles 
have been proposed to serve as Merkel cell progenitors (Xiao et al., 2016).  Alternatively, an as-
yet-identified ‘touch-dome placode’ might give rise to interfollicular Merkel cells during 
development.  Another open question about Merkel cell progenitors is whether they are responsible 
for selectively recruiting touch-dome afferents.  The lateral line system might provide some 
insights.  The sensory neurons that innervate lateral line neuromasts target hair cells during 
development such that one subset of neurons encodes rostral hair-bundle movement and the other 
reports caudal hair-bundle movement.  Thus, each set of neurons must make specific connections 
with appropriate hair cells.  Live imaging has revealed that newly specified hair cells extend 
processes into the deeper layers of skin to form physical contacts with developing neuronal endings 
(Dow et al., 2015).  This result highlights an active role for hair cells themselves during the 
targeting process.  Although Merkel cells are not required to recruit afferents to touch domes 
(Maricich et al., 2009), Merkel cell precursors or placode cells could actively recruit afferent 
terminals by similar contact-mediated mechanisms once the afferents have reached the vicinity.  
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The live-imaging techniques and genetic mouse models required to address this question are on 
the horizon. 
Evidence from invertebrate sensory structures also provides hints for how Merkel-cell afferents 
and other LTMRs might selectively target skin areas during development.  With the use of 
powerful genetic tools, some signaling pathways that mediate somatosensory axon morphology 
have been dissected in Caenorhabditis elegans.  For example, it has been shown that menorin 
(MNR-1) and SAX-7 are required for the development of skin-targeted PVD neurons (Dong et al., 
2013; Salzberg et al., 2013).  PVD neurons extend processes along the length of the worm body 
wall that then branch and form a ‘menorah’ pattern (Dong et al., 2013; Salzberg et al., 2013).  
MNR-1 and SAX-7 influence neuronal morphology by forming a complex with the 
transmembrane receptor DMA-1.  A series of expression analyses and epistasis experiments 
revealed that MNR-1 and SAX-7 are expressed by the hypodermis and that their combined 
expression is required for the establishment of the canonical menorah pattern.  This evidence 
supports the hypothesis that there is a combinatorial code of ligands and receptors that is required 
for the development of tactile afferents – a more complex model than a one-to-one pairing of 
neurotrophins and receptors.  These findings also set the stage for investigation of vertebrate 
homologs of these proteins, which include Fam151 family members (Ruiz-Trillo et al., 2007; 
Salzberg et al., 2013), in the development of mammalian somatosensory neurons.  This is an 
especially intriguing possibility for the development of morphologically similar lanceolate 
terminals, which also form fence- or menorah-like projections around hair follicles. Interestingly, 
lanceolate endings engage in close interactions with terminal Schwann cells, which are required 
for maintenance and regeneration of their fence-shaped terminals (Li and Ginty, 2014; Woo et al., 
2012). The ligands and receptors involved in these interactions remain unknown.  It will be 
interesting to examine whether Schwann cells mediate afferent targeting for Merkel-cell afferents, 
lanceolate endings, or other mammalian touch receptors. 
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Development of the Drosophila melanogaster somatosensory system has been extensively 
studied and can also provide clues into vertebrate mechanoreceptor development.  Indeed, a 
number of homologs of key molecular effectors of Drosophila somatosensory development have 
been implicated in mammals.  For example, Frizzled mutations were first described in Drosophila, 
where they disrupt the planar polarity of sensory bristles and trichones, which are microscopic 
hair-like structures that decorate the wing (Fig. 1.5; Gubb and García-Bellido, 1982; Vinson and 
Adler, 1987).  In mice, epidermal but not Merkel cell-derived frizzled 6 (Fzd6) regulates the planar 
organization of hair follicles and Merkel cells during development (Fig. 1.5; Chang and Nathans, 
2013; Chang et al., 2016; Guo et al., 2004; Hua et al., 2014).  In mature mice, hair shafts typically 
emerge from the skin in the rostral-to-caudal direction along the trunk of a mouse and Merkel cell 
clusters form crescent shapes around the caudal mouth of guard-hair follicles.  Sebaceous glands, 
arrector pili muscles and sensory nerve endings also display rostral-caudal polarity matching the 
polarity of their associated follicles (Ross, 2011).  In Fzd6 mutant mice, hair follicles are oriented 
with their shafts pointing in aberrant directions, with sebaceous glands, arrector pili muscles and 
sensory nerve endings reoriented to align properly with each hair follicle.  By contrast, Merkel-
cell clusters form ring shapes instead of crescents in Fzd6 mutant mice.  Thus, although sensory 
innervation tracks hair follicle orientation in Fzd6, Merkel cell polarity is disrupted (Chang and 
Nathans, 2013; Chang et al., 2016; Guo et al., 2004; Hua et al., 2014).  Interestingly, members of 
the Wnt signaling family and planar cell polarity pathways (e.g. frizzled, Vangl, and Celsr) are 
also involved in patterning the orientation of stereociliary bundles of inner ear hair cells (Fig. 1.5; 
Dabdoub et al., 2003; Montcouquiol et al., 2003; Wang et al., 2005; Wang et al., 2006).  Given 
that Merkel cells and hair cells share many features, it is intriguing to speculate how planar cell 
polarity genes might play a role in Merkel cell organization and function. 
CONCLUSIONS 
Cutaneous mechanoreceptors, which are diverse and highly specialized, innervate distinct sensory 
structures.  Thus, targeted innervation of the skin requires precision and accuracy.  Although the 
 27 
 
Figure 1.5.  Planar cell polarity genes organize sensory structures across species 
Frizzled genes in Drosophila and mice serve as a good example of how homologous planar cell 
polarity genes might influence tissue patterning.  Bristles on the fly wing are disrupted in clones 
with aberrant Frizzled signaling.  Similarly, the apical microvilli in hair cells, which are usually 
highly organized, splay out in all directions in Frizzled mutant cochleae.  Strikingly, Frizzled genes 
are also required for the patterning of hair follicles and Merkel cells; in Frizzled mutants, hairs are 
oriented randomly rather than rostral-to-caudal, and Merkel cells form a ring around the entire 
follicle rather than forming a crescent on the caudal side.  Reproduced with permission from 
Jenkins and Lumpkin (2017). 
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cellular and molecular mechanisms responsible for recruiting afferents to specific areas of the skin 
are still largely elusive, recent studies of mouse hairy skin have begun to reveal basic principles of 
somatosensory development.  These studies have highlighted that epithelial cells and placodes, 
which are crucial in other sensory systems for cell specification and innervation, should be 
investigated for their role in touch receptor development.  This role is particularly interesting in 
the case of Merkel cell-enriched skin areas, such as touch domes, fingertips, lips, and whisker 
follicles.  In addition, given that human and non-human primates primarily use fingertips to 
actively explore tactile features of objects, future studies directed toward the formation of glabrous 
skin microdomains might shed light on the development and maintenance of touch receptors that 
are especially useful for active touch in humans. 
The recent explosion of progress in the field of somatosensation has answered long-standing 
questions about mechanisms that govern the development and function of touch receptors.  In 
particular, this progress has highlighted that research on the development of mammalian touch 
receptors will benefit from studies of other model systems.  Another avenue for the exploration 
and generation of new hypotheses will be to interrogate directly the link between defects in tactile 
sensitivity and abnormal cognitive development.  The results of future studies have the power to 
reveal new methods for enhancing touch, for understanding the links between ASD and tactile 
processing, and for restoring tactile sensitivity lost after injury or through aging. 
The remainder of my thesis will primarily test the model that mammalian touch receptors are 
placode-derived structures that co-opt classic placode-signaling mechanisms for their 
development.  Chapter II will provide descriptive evidence of distinct epithelial and mesenchymal 
cell populations that mark developing touch domes.  This chapter will also show the developmental 
time course of Merkel-cell innervation in touch domes.  Additionally, Chapter II will reveal the 
role of BMP signaling in spurring the emergence of Merkel cells, touch-dome epithelial cells, and 
sensory neurons.  Chapter III will discuss my efforts to directly test the role of touch-dome 
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epithelial cells.  Chapter IV comprises transcriptomic analysis of novel touch-dome mesenchymal 
cells.  Chapter V summarizes the overall conclusions, other untested models that align with my 





THE CELLULAR BASIS OF MECHANOSENSORY MERKEL 
CELL-INNERVATION DURING DEVELOPMENT 
 
This chapter includes cryosection immunohistochemical data generated by Natalia Fontecilla 
under my mentorship.  Ling Bai (Ginty Laboratory) collected the first batch of TrkCtdTomato mouse 
samples.  Catherine P. Lu (Fuchs Laboratory) facilitated in utero injections.  Drs Richard 
Behringer and Mary Dickenson assisted with collecting tissue from the first batch of BMP4CFP 
mice. 
 
Touch, our most intimate sense, requires direct contact between skin and objects in our 
environment.  In newborn mammals, touch is a key sensory modality through which parents 
nurture offspring so that they thrive.  For example, neonatal rodent pups respond vigorously to 
their mother’s nurturing licks and use tactile cues to learn to feed (Braun and Champagne, 2014).  
In the absence of caregiver touch, young mammals display impaired cognitive development and 
social behaviors that can persist into adulthood (Blakemore et al., 2006; Cascio et al., 2008; Orefice 
et al., 2016; Tomchek and Dunn, 2007).  To understand how touch and cognitive development are 
linked, a deeper understanding of the mechanisms underlying mammalian touch receptor 
formation is needed. 
Precise patterning of different types of touch receptors enables proper relay of touch 
modalities, such as brushing, stroking, and gentle pressure, from skin to the central nervous system 
(Adrian and Zotterman, 1926; Adrian and Zotterman, 1926; Bai et al., 2015; Brown and Iggo, 
1967; Burgess et al., 1968; Iggo and Muir, 1969; Li and Ginty, 2014; Li et al., 2011; Rutlin et al., 
2014; Zotterman, 1939).  For example, Merkel cell-neurite complexes, which are found in highly 
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touch-sensitive skin areas such as fingertips, are epithelial cells that complex with myelinated 
sensory afferents to encode sustained touch (Iggo and Muir, 1969; Johnson, 2001; Maksimovic et 
al., 2014; Maricich et al., 2012; Wellnitz et al., 2010; Woodbury and Koerber, 2007).  In hair-
bearing skin, Merkel cell-neurite complexes reside in touch domes and some hair follicles, such as 
vibrissae.  Recent work has revealed molecular pathways required for Merkel-cell specification 
(Morrison et al., 2009; Perdigoto et al., 2013; Perdigoto et al., 2014; Xiao et al., 2016); however, 
little is known about how Merkel cell-containing mechanosensory structures form during 
mammalian skin development. 
In vertebrates, many sensory epithelia derive from placodes.  These thickened patches of 
epithelial cells engage in molecular crosstalk with mesenchymal cells to form specialized tissues 
that are selectively innervated by sensory neurons (Hall et al., 1999; Whitfield, 2015).  Placode-
derived sensory receptor cells include taste cells and mechanosensory hair cells of the acoustico-
lateralis system (Agarwala et al., 2015; Dambly-Chaudière et al., 2012; Metcalfe et al., 1985).  
Like taste cells, Merkel cells are Keratin-8 (K8) expressing cells that derive from the Keratin-14 
lineage (Morrison et al., 2009; Van Keymeulen et al., 2009).  Like hair cells, Merkel cells are 
mechanosensory receptor cells that rely on the proneural transcription factor Atoh1 for 
specification (Morrison et al., 2009).  In taste buds and many hair cell-containing epithelia, 
supporting cells can give rise to new sensory cells in adulthood.  Similarly, touch domes are 
marked by a population of Keratin 17-expressing epidermal keratinocytes that produce Merkel 
cells in adult skin (Doucet et al., 2013; Moll et al., 1993; Woo et al., 2010).  Finally, touch-dome 
Merkel cells are adjacent to and develop concurrently with primary hair follicles, which are 
placode-derived structures that recruit rapidly adapting mechanosensory afferents (Li et al., 2011).  
Mature touch domes also show selective innervation, albeit by slowly adapting afferents that 
express TrkC (Bai et al., 2015).  Thus, I hypothesize that touch domes, like hair-cell epithelia, taste 
buds and hair follicles, originate as placodes.   
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The placode model predicts that nascent touch domes should contain co-clustered epithelial 
and mesenchymal cell types and recruit specific sensory innervation.  To test these predictions, I 
analyzed mouse touch-dome development during embryogenesis.   
 
RESULTS 
Mouse touch domes emerge as distinct structures at E16.5 
I first sought to identify epithelial cell clusters whose localization marks developing touch domes.  
In hair follicles, Keratin-17 (K17) expression turns on in placodes and persists in a subset of 
keratinocytes into adulthood (Fig. 2.1A; Bianchi et al., 2005).  By analogy, I postulated that K17 
might mark touch-dome precursors during embryogenesis, given that columnar keratinocytes in 
mature touch domes are K17-positive (Doucet et al., 2013; Moll et al., 1993).  To test this 
hypothesis, I labeled dorsal skin specimens with antibodies against K17 and the Merkel-cell 
marker Keratin-8 (K8; Vielkind et al., 1995) during skin development.  At E15.5, most K8-positive 
Merkel cells co-localized with K17 expression in the invaginating epithelial compartment of 
budding primary hair follicles (Fig. 2.1A–C, Fig. 2.2).  In reconstructions of full-thickness skin 
specimens, low levels of K17 immunoreactivity were observed next to primary hair pegs 
(Fig. 2.1C).  At E16.5, K17-positive cells were observed in primary hair follicles and placodes of 
secondary hair follicles.  Additionally, primary follicles were juxtaposed to clusters of epithelial 
cells that stained robustly for K17 interspersed with K8-positive Merkel cells.  The location and 




Figure 2.1.  Touch domes emerge at E16.5.   
A  Stages of hair-follicle and touch-dome morphogenesis.  B  Sagittal cryosections of dorsal skin 
at E15.5 and E16.5.  Merkel cells are labeled with antibodies against K8 (green) and hair follicle 
and touch-dome keratinocytes are stained for K17 protein (magenta).  Nuclei are labeled with 
DAPI (blue).  Dotted and dashed lines outline the skin surface and basal epidermis, respectively.  
C  Confocal axial projections show full-thickness cleared skin specimens at E15.5 (left trio of 
panels) and E16.5 (right trio).  K8 immunoreactivity: left panels and green in merged images; K17 
immunoreactivity: middle panels and magenta in merged images.  Hair follicle structures are 
indicated by red dashed lines.  At E16.5, the hair peg extends deeper than the plane of the 
projection.  D–G  Quantification of Merkel-cell distributions and follicles lengths for primary hair 
follicles and touch domes at E15.5 (N=20), E16.5 (N=25) and P0 (N=18).  Black lines denote 
medians.  Scatter plots show the number of Merkel cells present within each primary hair follicle 
(D) or adjacent touch domes (E), the corresponding percentage of Merkel cells in touch domes 
(F), and the lengths of reconstructed primary follicles (G).  One-way ANOVA with Tukey’s 
multiple comparisons test. *P<0.0001.  Primary follicles were quantified from three mice per stage. 
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Figure 2.2.  Two-dimensional projections in different planes show that Merkel cells are 
located in both primary hair follicles and touch dome epidermis.   
Projections of a confocal z-stack of full-thickness skin at E15.5.  Merkel cells, labeled with K8 
antibodies (green) are present both in the primary hair germ (Arrowhead) and in the surrounding 
interfollicular epidermis that makes up the touch dome (Arrow).  Hair follicles and touch-dome 
keratinocytes were labeled with Keratin 17 antibodies (magenta).  Yellow box indicates the slice 
of the axial view (top) that is projected in the sagittal plane (bottom).  Dashed lines denote the hair 
germ.  Scale bar, 25 µm. 
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To better understand the patterning of Merkel cells at these stages,I quantified Merkel cells 
within primary follicles and developing touch domes.  Full-thickness, cleared skin specimens were 
imaged with confocal microscopy and analyzed in three-dimensional stacks.  I found that the 
number of Merkel cells contained within primary hair follicles fluctuated between E15.5 and P0 
(Fig. 2.1D).  By contrast, the number of Merkel cells in nascent touch domes increased steadily 
over these stages (Fig. 2.1E).  As a result, K8-positive Merkel cells shifted from a predominately 
hair-follicle to a touch-dome localization between E15.5 and E16.5 (Fig. 2.1F).   
I next wondered whether touch-dome emergence at E16.5 was linked to hair follicle maturity.  
As hair follicles mature, the epidermal compartment invaginates and elongates into the dermis.  I 
postulated that more mature primary follicles, as evidenced by their length, would have larger 
complements of Merkel cells in adjacent touch domes.  Thus, I analyzed hair-follicle length as a 
measure of maturity (Fig. 2.1G).  At both E15.5 and E16.5, the number of touch-dome Merkel 
cells was modestly correlated with hair-follicle length (Pearson correlation; R2≥0.52), indicating 
that touch-dome development covaries with follicle maturity at a given embryonic stage (Fig. 2.3).  
Surprisingly, the distribution of primary follicle lengths did not change between E15.5 and E16.5; 
however, the number of Merkel cells per touch dome increased by an order of magnitude between 
those stages (Fig. 2.1G).  These data demonstrate that hair-follicle and touch-dome maturation are 
coupled during embryonic development, but that the touch dome’s competence to produce Merkel 
cells increases dramatically at E16.5 independent of follicle length. 
37 
Figure 2.3.  Linear correlation analysis of touch-dome size versus hair follicle maturity.   
Scatter plot shows the number of Merkel cells per touch dome versus length of the adjacent primary 
follicle at E15.5 (gray), E16.5 (green) and P0 (magenta).  Data from Fig. 2.1 are shown.  Table 
shows results of Pearson correlation analysis at each stage.  These measures were linearly 
correlated at embryonic stages but not at P0.  
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Together, these data indicate that nascent touch domes, marked by the presence of K17-
positive and K8-positive cells, appear as an appendage of primary follicles by E16.5.  These 
structures are preceded at E15.5 by placode-like patches of K17-expressing epithelial cells.  Such 
placodes become highly Merkel-cell inductive between E15.5 and E16.5 in a manner that is 
independent of hair-follicle growth. 
BMP4-expressing mesenchymal cells form clusters near nascent touch domes at E16.5 
A classic feature of a placode is its reliance on molecular crosstalk with adjacent mesenchymal 
cells to form sensory structures; therefore, I next asked whether a mesenchymal population appears 
near touch-dome placodes at E16.5.  As hair follicle placodes signal to dermal papilla cells that 
express BMP4 (Botchkarev and Sharov, 2004; Millar, 2002), I postulated that touch domes might 
also have a complement of BMP4-expressing mesenchymal cells.   
To determine the expression pattern of BMP4 in developing touch domes, I analyzed the 
spatiotemporal pattern of CFP expression in skin cryosections from BMP4CFP/+ reporter mice.  At 
E15.5, BMP4:CFP expressing cells were scattered throughout the deep dermis and arranged in 
dermal papilla, which appeared as bright clusters near developing hair follicles (Fig. 2.4A).  At 
E16.5 and E18.5, BMP4:CFP cells were observed both in dermal papilla and directly under 
Merkel-cell clusters (Fig. 2.4B, C).  These results were confirmed in axial projections of whole-
mount skin specimens, which recapitulated live-cell imaging studies that revealed rings of 
BMP4:CFP cells around embryonic hair follicles (Fig. 2.4A’–C’; Jang et al., 2010).  Interestingly, 
BMP4:CFP was observed both in the stroma and in touch-dome keratinocytes at adult but not 




Figure 2.4.  BMP4-expressing cells form mesenchymal condensates under touch-dome 
placodes.   
Representative images of immunohistochemistry in BMP4CFP mice.  A–D, D’ Sagittal cryosections 
of dorsal skin at E15.5 (A), E16.5 (B), E18.5 (C) and adult (9-month old female; D, D’).  Anti-K8 
antibodies labeled Merkel cells (left panels and green in merged images).  Anti-GFP antibodies 
labeled BMP4:CFP (middle panels and magenta in merged images).  DAPI is shown in grayscale.  
Red dashed lines outline epidermis.  Asterisk (D) indicates an autofluorescent hair shaft in adult 
skin.  Arrow (D’) indicates epidermal expression of BMP4:CFP in adult epidermis.  A’–C’ 
Confocal axial projections of full-thickness dorsal skin at E15.5 (A’), E16.5 (B’) and E18.5 (C’).  
Pseudocolor indicates K8 (green) and K17 labeling (magenta).  In axial projections, dermal papilla 
appear as intensely stained dots and touch dome mesenchymal clusters appear as crescents.  Images 
are representative of touch domes from N=2–4 animals per stage.  Scale bars: 25 µm. 
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BMP4:CFP-expressing mesenchymal cells co-cluster with touch-dome epithelial cells, which 
supports the model that touch-domes develop from placodes that engage in signaling with 
specialized mesenchymal cells. 
BMP signaling is required for touch-dome development 
Given that BMP4-expressing mesenchymal cells appear concomitantly with touch-dome 
placodes, I next sought to test the role of BMP signaling in touch-dome development.  I disrupted 
BMP signaling by inducing epidermal expression of Noggin, a BMP inactivator, either before or 
after BMP4-expressing mesenchymal cells had clustered under touch domes.  Noggin over-
expression was achieved with ultrasound-guided injection of lentiviruses into the uterine sacs of 
K14rtTA pregnant dams that express reverse tetracycline-controlled transactivator (rtTA) in the 
epidermis (Nguyen et al., 2006).  Lentiviruses harbored a PGK-H2BGFP marker and a Noggin 
transgene downstream of a tetracycline-responsive promoter element (TRE; Lu et al., 2016).  TRE-
Noggin required the presence of both rtTA and doxycycline for activation.  Thus, after viral 
injection (E9.5), pregnant dams were fed doxycycline chow starting at either E14.5 or E17.5 and 
continuing to P0 (Fig. 2.5A–B).  To test the effect of BMP disruption on touch domes, GFP-
positive skin specimens (P0) were labeled with antibodies against K17, K8 and Neurofilament H 
(NFH), which is a marker of myelinated large-caliber afferents including slowly adapting 
mechanoreceptors that innervate Merkel cells (Fig. 2.5C–F). 
Although primary hair follicles were present, touch-dome development was totally disrupted 
when epidermal Noggin expression was induced at E14.5.  K17-positive area, Merkel-cell numbers 





Figure 2.5.  BMP signaling is required for touch-dome development.   
A–B  Experimental design.  C–F  Representative axial projections of P0 dorsal skin labeled with 
K8 (green), K17 (magenta) and NFH (blue) after doxycycline (Dox)-induction of Noggin 
expression from E14.5–P0 (C–D) or E17.5–P0 (E–F).  Dashed circles denote touch domes.  C, E  
Control mice either lacked the K14-driven Tet activator transgene (TRE-Noggin+Dox) or the 
virally induced Tet responsive Noggin transgene (K14rtTA+Dox).  D, F  Experimental mice 
overexpressed Noggin in epidermis (K14rtTA+TRE-Noggin+Doxycycline).  G–I  Quantification 
of K17 area (G) number of Merkel cells per touch dome (H), and area of NFH immunoreactivity 
(I) for induction from E14.5–P0.  J–L  The same measures from litters induced with Dox at E17.5–
P0.  Red lines denote means.  Statistical significance was assessed with Student’s t tests (two-
tailed).  N=3 animals per group.  Scale bars: 25 µm. 
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(Fig. 2.5C–D, G–I).  By contrast, when Noggin expression was induced at E17.5, these measures 
did not differ between experimental animals and controls (Fig. 2.5E–F,J–L).  These findings 
identify E14.5–E17.5 as critical window during which BMP signaling is required for touch-dome 
development. 
NFH-positive afferents initiate Merkel-cell contacts at 16.5 
Sensory placodes are defined by their potential to create tissues innervated by distinct 
complements of sensory neurons that transmit information to the central nervous system.  Thus, I 
next sought to determine the temporal dynamics of touch-dome innervation from E15.5 to P0.  
Dorsal skin specimens were labeled for K8 and NFH.  Confocal axial projections were depth-
coded on a pseudocolor scale to distinguish superficial and deep structures in skin (Fig. 2.6A–D).  
Cryosections were also used to assess the localization of afferent terminals to epidermis versus 
dermis (Fig 2.6A’–D’).  At E14.5, none of the few Merkel cells detected were contacted by NFH-
positive afferents (N=12 Merkel cells, 0% contacted by NFH-positive afferents).  At E15.5, NFH-
positive afferent branches projected from the dermal plexus to upper dermal regions but did not 
contact Merkel cells (Fig. 2.6A, A’).  By E16.5, NFH-positive afferent branches projected into the 
epidermis and contacted Merkel cells (Fig. 2.6B, B’).  From E18.5 to early postnatal stages, NFH-
positive afferents robustly innervated touch domes, extending branches superficially and laterally 
to Merkel-cell clusters (Fig. 2.6C–D’).  Other epidermal areas between hair follicles lacked NFH-
positive branches, indicating that these afferents selectively target touch domes at this stage 
(Fig. 2.6E).  By P21, NFH-positive branches terminated on the inferior aspect of Merkel cells, 
which is typical of mature touch-dome afferents (Fig. 2.6F).  Together, these data suggest that 
innervation begins when touch domes emerge at E16.5, and implicate E18.5 as key developmental 






Figure 2.6.  NFH-expressing afferents initiate Merkel-cell contacts at E16.5 and overshoot 
Merkel cells at E18.5.   
A–D  Depth-coded axial projections of full-thickness dorsal skin.  Teal-green structures are located 
near the skin surface whereas red structures are embedded deep in the dermis.  For each stage, the 
specific Z-depth code is indicated by color scale bars at right.  Black scale bar in A (25 µm) applies 
also to B–D.  A’–D’, E–F Sagittal cryosections of developing skin demonstrate the time course of 
Merkel-cell innervation.   K8: green, NFH: magenta.  Scale bars: 50 µm.  Dashed lines outline the 
epidermis.  All images are representative of data from 2-4 animals per stage. 
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Two distinct NFH-positive afferent populations innervate embryonic touch domes 
Given the unexpectedly exuberant pattern of touch-dome innervation at E18.5, I next sought to 
determine the molecular identity of NFH-positive neurons innervating embryonic touch domes.  
Merkel-cell afferents are of the TrkC lineage; therefore, I analyzed touch-dome innervation in 
TrkCtdTomato mice, which mark Merkel-cell afferents, circumferential endings around hair follicles, 
and an unidentified population of NFH-negative afferents inmature skin (Bai et al., 2015).  In 
embryonic dorsal root ganglia (DRG), 94% of TrkC:tdTomato neurons were immunoreactive for 
NFH (Fig. 2.7), a pattern which is consistent with peripheral labeling patterns observed in adult 
animals (Bai et al., 2015).  Among NFH-positive DRG somata, 29% lacked TrkC:tdTomato 
expression (Fig. 2.7).  Thus, this TrkC:tdTomato reporter strain identifies two molecularly distinct 
populations of NFH-positive neurons in embryonic DRGs.   
I next analyzed the peripheral innervation patterns of NFH-positive and TrkC:tdTomato 
sensory afferents.  Surprisingly, analysis of E18.5 tissue revealed that NFH-positive afferents in 
touch domes included both TrkC:tdTomato-positive and TrkC:tdTomato-negative afferents 
(Fig. 2.8).  TrkC:tdTomato afferents terminated on Merkel cells; however, TrkC:tdTomato-
negative terminals extended beyond Merkel-cell clusters into the touch dome’s spinous and 
granular layers (Fig. 2.8A–B).  By P21, when sensory neurons are functionally mature 
(Koltzenburg et al., 1997), NFH and TrkC:tdTomato fluorescence co-localized completely 
(Fig 2.8C).  Together, these results suggest that TrkC:tdTomato-negative afferents innervate touch 
domes transiently during development, whereas TrkC:tdTomato-positive innervation persists in 
adult touch domes. 
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Figure 2.7.  TrkC:tdTomato distinguishes two populations of NFH+ neurons.   
A  Representative image of E16.5 DRG from TrkCtdTomato mice labeled with antibodies against NFH 
(left panel and magenta in merged images) and tdTomato (middle panel and green in merged 
images).  B  Quantification of NFH-positive, TdTomato-positive and double positive neurons 




Figure 2.8.  Two molecularly distinct populations of NFH-positive neurons transiently 
innervate touch domes during development.   
A  Axial projections of full-thickness skin specimens from a TrkCtdTomato transgenic reporter mouse at 
E18.5 reveal that Merkel-cell clusters (left panel and green in merge) are contacted by both 
TrkC:tdTomato-negative afferents (arrowheads; second panel and magenta in merge) and 
TrkC:tdTomato-positive afferents (third panel and blue in merge).  B Sagittal sections also show 
that TrkC:tdTomato-negative afferents (arrow) innervate superficial layers of touch domes at 
E18.5.  C TrkC:TdTomato and NFH immunoreactivity completely overlaps at P21.  Color scheme 
in B–C is as in A.  Dashed lines (B, C) denote the dermal-epidermal border.  D  Schematic of line 
crossing analysis.  A series of lines was overlaid on each image starting from the skin surface and 
continuing toward the dermis at 3-µm intervals.  The number of times each marker 
(TrkC:tdTomato or NFH) crossed a line was counted.  E  Quantification of line crossings.  Gray 
box indicates the span of the Merkel-cell bearing epidermal zone.  Dashed lines indicate the 
distance from the surface at which the line crossing curve decays by 75%  N=50 from three 
animals.  F  The % of Merkel cells contacted by TrkC:tdTomato-positive and TrkC:tdTomato-
negative branches were plotted versus developmental stage.  Line indicates single-exponential fit 
(t=4.8 d; R2=0.9). 
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To determine whether TrkC:tdTomato-positive and TrkC:tdTomato-negative afferents 
represent distinct neuronal subsets at E18.5, innervation density was quantified by line-crossing 
analysis.  Parallel lines were laid across each image to measure the frequency of branch crossings 
spanning the epidermis (Fig. 2.8D, E).  In touch-dome epidermis, the frequency of 
TrkC:tdTomato-negative branch crossings was nearly threefold that of TrkC:tdTomato afferents.  
These data indicate that TrkC:tdTomato-negative branches course through embryonic touch-dome 
epidermis more densely than TrkC:tdTomato afferents.  Moreover, TrkC:tdTomato-negative 
endings extended superficially, with 75% of branches terminating 18 µm below the epidermal 
surface, whereas 75% of TrkC:tdTomato-positive endings terminated at the Merkel-cell layer, 
27 µm below the epidermal surface (Fig. 2.8E).  Given that these neurons differed in their 
molecular and morphological features, I conclude that two distinct neuronal populations innervate 
touch domes during development. 
I next assessed the kinetics and Merkel-cell dependence of these neuronal subtypes.  The time 
course of Merkel-cell contact by TrkC:tdTomato afferents and NFH-positive branches fit well with 
a single exponential relation (τ=4.8 d), indicating that these neurons innervate touch domes with 
similar kinetics (Fig. 2.8F).  Moreover, this result demonstrates that most Merkel cells are 
contacted by sensory neurons at P1.   
Given that both neuronal populations contact Merkel cells, I next tested the role of chemical 
signaling between Merkel cells and afferents.  First, immunohistochemistry revealed that Merkel 
cells express vesicle-associated membrane protein 2 (VAMP2), a SNARE protein required for 
vesicular release, at E15.5 prior to touch-dome formation (Fig. 2.9A) and at E18.5 after touch 
domes develop (Fig. 2.9B).  Tetanus neurotoxin light chain subunit (TeNT) cleaves VAMP2, 
blocking vesicular release.  To test whether vesicular release from Merkel cells is required for 
recruitment of touch-dome afferents, I crossed TrkCtdTomato/+;K14Cre mice,  
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Figure 2.9.  Embryonic Merkel cells express VAMP2.   
Representative images of E15.5 (A) and E18.5 (B) dorsal skin labeled with antibodies against K8 
(left panels, magenta) and VAMP2 (middle panels, green). 
 
53 
Which selectively express Cre recombinase in epidermal cells (Maksimovic et al., 2014), 
with Rosa26floxstopTeNT-GFP mice (R26TeNT; Zhang et al., 2008).  Dorsal skin specimens from P0 epidermal 
TeNT-expressing mice (TrkCtdTomato/+;K14Cre;R26TeNT) and littermate controls (TrkCtdTomato/+;R26TeNT) were 
labeled with antibodies against tdTomato, NFH, and K8.  Touch domes, which were identified by 
the presence of an NFH-positive afferent innervating the epidermis adjacent to primary hair 
follicles, were confocally imaged in three dimensions.  Surprisingly, Merkel-cell numbers 
decreased both in touch domes and hair follicles in TeNT-expresing mice (Fig. 2.10A, B).  
Innervation density was quantified by thresholding axial projections, drawing regions around each 
afferent, and calculating pixel intensity, which was then converted to micrometers.  Innervation 
density did not differ between genotypes (two-way ANOVA, P=0.09), nor did the percentage of 
Merkel cells contacted by NFH+ afferents (Fig. 2.10C, D).  Interestingly, although afferent 
targeting did not appear to be affected, fewer K14Cre;R26TeNT mouse touch domes exhibited 
“overshoot” than littermate control touch domes (29/48 with overshoot in K14Cre;R26TeNT mice versus 
38/47 with overshoot in controls, P=0.03, Chi-square test).  Overall, given that overshooting 
afferents are merely transiently observed during development, I conclude that vesicular release 
from Merkel cells is not required for proper touch-dome innervation. 
To examine whether Merkel cells mediate recruitment of touch-dome innervation by contact-
mediated or activity-based mechanisms, I also traced tdTomato-positive and tdTomato-negative 
afferents in Atoh1 null mice, which lack Merkel cells (Ben-Arie et al., 2000; Maricich et al., 2009).  
Dorsal skin specimens from E18.5 Atoh1 null mice (TrkCtdTomato/+;Atoh1LacZ/LacZ) and littermate controls 
(TrkCtdTomato/+;Atoh1LacZ/+) were labeled with antibodies against tdTomato, NFH, and K8 (Fig. 2.11).  
The number of terminal branches for each afferent population did not differ between genotypes 
(Two-way ANOVA, P=0.01; Fig. 2.11).  Thus, consistent with previous reports of adult Atoh1 
knockout mice, Merkel cells are not required for proper touch-dome innervation during 
development. 
54 
Figure 2.10.  Epidermal SNARE-mediated vesicle release is not required for touch-dome 
innervation.   
A Quantification of the number of Merkel cells per touch-dome.  B  Quantification of the number 
of Merkel cells per primary hair follicle.  C  Quantification of arbor areas per touch dome for 
TrkC:tdTomato-expressing and TrkC:tdTomato-negative afferents in TrkCtdTomato/+;K14Cre;R26TeNT and 
TrkCtdTomato/+;R26TeNT mice.  D  Quantification of the number of Merkel cells that appear to be contacted 
in TrkCtdTomato/+;K14Cre;R26TeNT and TrkCtdTomato/+;R26TeNT mice.  N=7 animals per group.  Red lines indicate 


















































































Figure 2.11.  Merkel cells are not required for touch-dome innervation.   
A–B  Axial projections of whole-mount immunohistochemistry from Atoh1 knockout mice (D) 
and controls (C).  Tissues were labeled with antibodies against K8 (Merkel cells, green), NFH 
(myelinated neurons, magenta), and tdTomato (TrkC neurons; blue).  C  Quantification of terminal 
branches per touch dome for TrkC:tdTomato-expressing and TrkC:tdTomato-negative afferents.  
Black lines represent means.  N=4 animals per group. 
56 
Together, these data indicate that two molecularly and morphologically distinct populations of 
NFH-positive neuronal terminals innervate touch domes during embryogenesis.  Both populations 
innervate touch domes with a similar time course and neither innervation pattern requires Merkel 
cells for proper targeting or branching during development. 
DISCUSSION 
Building mammalian touch receptors presents developing organisms with the challenge of pairing 
dynamic epithelial structures with their appropriate complement of sensory afferents.  In the case 
of Merkel cell-neurite complexes, tremendous strides have been made to identify both molecular 
mechanisms that specify Merkel cells and signaling cascades that give rise to distinct populations 
of somatosensory neurons (Morrison et al., 2009; Perdigoto et al., 2014; Xiao et al., 2016).  Here, 
I propose that touch domes co-opt evolutionarily conserved placodal mechanisms to assemble 
these mechanosensory complexes. 
Placodes are patches of epithelial cells that give rise to sensory structures and epidermal 
appendages such as hair follicles, glands, and feathers (Biggs and Mikkola, 2014; Piotrowski and 
Baker, 2014; Schlosser, 2005; Streit, 2004).  In concert with co-clustered mesenchymal cell types, 
placodes generate sensory epithelia that are selectively innervated.  Consistent with a placodal 
origin for touch domes, Merkel cells and K17-positive keratinocytes are spatiotemporally 
coordinated with a previously undescribed condensate of BMP4-expressing mesenchymal cells in 
embryonic skin. Moreover, my studies define a window during embryogenesis during which BMP 
signaling is required for touch-dome development.  Finally, nascent touch domes are selectively 
targeted by two populations of myelinated afferents with distinct patterns of innervation.  
Collectively, these results provide evidence that touch domes emerge from sensory placodes and 
depend on BMP signaling for their development. 
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Placodes generate diverse epithelial structures 
In vertebrates, numerous epidermal appendages and sensory tissues are placode-derived.  
Placodes give rise to epithelial sensory cells, such as taste buds and hair cells, as well as bona fide 
sensory neurons such as olfactory neurons (Hall et al., 1999; Maier et al., 2014; Whitfield, 2015).  
The otic placode is the source of all epithelial cells of the inner ear including hair cells.  Similarly, 
hair-cell containing neuromasts in the lateral lines of aquatic organisms develop from migrating 
placodes that decorate the body axis with precursor cells (Agarwala et al., 2015; Dambly-
Chaudière et al., 2012; Metcalfe et al., 1985).  A conserved feature of placodes is that epithelial 
and mesenchymal cells co-cluster to engage in molecular crosstalk required for tissue 
morphogenesis.  I observed similar, molecularly distinct populations of epithelial and 
mesenchymal cells that mark nascent touch domes during embryogenesis.   
Touch domes, marked by patches of K17+ epithelial cells interspersed with Merkel cells, 
emerge as anatomical structures that can be distinguished from primary hair follicles by E16.5.  
Consistent with previous studies, I observed K8+ Merkel cells at E15.5 (Maricich et al., 2009); 
however, at this stage they localize to the primary hair germ rather than anatomically distinct touch 
domes.  That hair follicles are competent to produce Merkel cells is not surprising, given that adult 
Merkel cells are observed in hair follicles in whisker pads, some guard hairs, and distal limbs 
(Woodbury and Koerber, 2007).  Moreover, polycomb mutations induce abundant ectopic Merkel 
cells in hair follicles (Perdigoto et al., 2016).  Interestingly, Sox9-positive, Lhx2-
negative primary placode cells appear to serve as progenitors of both hair follicles and touch-dome 
Merkel cells (Nguyen et al., 2018).  
How do these placode cells give rise to Merkel cells that are differentially localized to hair 
pegs at E15.5 and touch domes at E16.5?  One possibility is that K17-positive keratinocytes and 
Merkel cells migrate laterally from the hair peg to form touch domes.  Alternatively, a common 
placode precursor might first produce hair follicles and then subsequently develop competence to 
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generate touch domes.  This is an attractive model for development of rodent touch domes 
because they are always found adjacent to primary (guard) hairs, and tabby mice that lack primary 
follicles also lack touch domes (Vielkind and Hardy, 1996).  By contrast, touch domes 
are independent of hair follicles in cats and humans (Iggo and Muir, 1969; Moll et al., 
1993; Reinisch and Tschachler, 2005).  These data suggest a third model – that touch-dome and 
follicle placodes are distinct, at least in some species. 
 Simultaneously with the emergence of touch domes, BMP4:CFP mesenchymal cells form 
underlying clusters.  To my knowledge, a molecularly identified mesenchymal population has not 
been previously described in the touch dome.  Interestingly, BMP4:CFP also marks dermal 
papillae, which are mesenchymal clusters required for hair-follicle morphogenesis (Botchkarev 
and Sharov, 2004).  As signals from the dermal papilla trigger the progression of hair-follicle 
development, I speculate that BMP4:CFP mesenchymal cells likewise play a role in touch-dome 
maturation.  Consistent with this notion, I observed that BMP4:CFP cells tightly co-localize with 
touch domes during embryogenesis but then form loose networks at postnatal stages.  Selective 
molecular markers that distinguish dermal papillae and touch-dome condensates are needed to 
define the role of mesenchymal signaling in touch-dome development. 
Complex signaling cascades give rise to developing Merkel cells 
Development and maintenance of placode-derived structures require precise spatiotemporal 
control of complex signaling networks.  Placodes often employ a common cast of molecular 
pathways, including BMPs, Wnts, fibroblast growth factor, Notch, and Sonic hedgehog (Shh; 
Biggs and Mikkola, 2014; Streit, 2004).  For example, BMP4 is required for the development and 
maintenance of sensory placodes in the visual, auditory and gustatory systems (Mistretta and Liu, 
2006; Pujades et al., 2006; Sjodal et al., 2007).  In the case of Merkel cells, Eda/Edar, Wnt, 
fibroblast growth factor, Notch, and Sonic hedgehog (Shh) signaling occur upstream of Atoh1 in 
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cell-fate specification (Bardot et al., 2013; Logan et al., 2018; Vielkind and Hardy, 1996; Xiao et 
al., 2016).   
I focused primarily on BMP signaling because I found BMP4:CFP cells beneath developing 
touch domes.  Our data demonstrate that, during a critical window from E14.5 to E17.5, BMP 
signaling is required for the development of touch-dome cell types, including K17-positive 
keratinocytes, Merkel cells, and sensory afferents.  By contrast, Merkel cell-neurite complexes in 
whisker follicles are enhanced by K14-driven overexpression of Noggin and reduced by 
overexpression of BMP4 (Guha et al., 2004).  Thus, BMPs might play divergent roles in Merkel-
cell specification in touch domes and whisker follicles.  Alternatively, given that K14 expression 
begins at E9, BMP signaling might have stage-specific effects on touch-receptor development. 
In mouse epidermis, a delicate spatiotemporal balance of BMP and Shh signaling determines 
the fate of placode-derived appendages.  In particular, dorsal placodes faced with low BMP and 
high Shh levels give rise to hair follicles, whereas ventral placodes, which experience high BMP 
and low Shh levels, produce sweat glands (Lu et al., 2016).  Interestingly, Shh from primary 
follicles is required for Merkel-cell development in dorsal epidermis (Xiao et al., 2016).  I propose 
that the transient localization of BMP4-expressing cells at interfollicular zones creates the potential 
for a third embryonic niche with high BMP and high Shh levels that promotes touch-dome 
development.  In this model, temporally and spatially restricted BMP4 expression, coupled with 
Shh and perhaps other signals, defines touch domes as sensory structures distinct from hair 
follicles. 
TeNT experiments presented here suggest that epidermal VAMP2-dependent vesicular release 
also mediates Merkel-cell development both in touch domes and hair follicles; however, the exact 
mechanism by which this occurs is unclear.  I conceived this experiment with the hypothesis that 
TeNT expression in the epidermis inhibits release of neurotransmitter- or chemoattractive cue-
containing vesicles, thereby preventing Merkel cells from signaling to developing afferent 
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terminals.  Yet, although NFH+ afferents display reduced sprouting in the epidermis in 
K14Cre;R26TeNT mice, innervation density was not affected by epidermal TeNT expression.  Instead, 
Merkel-cell numbers were decreased in both hair follicles and touch domes in K14Cre;R26TeNT mice.  
It is possible that VAMP2 expression is required as a signal of Merkel-cell maturity during 
embryogenesis.  VAMP2 is expressed in some Merkel cells, but not in other epidermal cells, in 
control mice.  Such mosaicism could explain the reduction in Merkel-cell numbers rather than a 
complete loss of Merkel cells in K14Cre;R26TeNT mice.  Yet another possibility is that TeNT expression 
inhibits release of molecular cues that help to specify the touch-dome niche and promote 
development of touch-dome keratinocytes and BMP4-expressing cells.  More careful analysis of 
all touch-dome cell types in K14Cre;R26TeNT mice would be required to address this question. 
A transiently innervating population of NFH-positive neurons 
I found that at least two NFH-positive neuronal populations selectively target the touch-dome 
placode during development, but only those expressing TrkC:tdTomato persist in adult touch 
domes.  Merkel-cell afferents are the sole afferent subtype that expresses TrkC at E12.5 (Bai et al., 
2015), which suggests that the TrkC:tdTomato-positive terminals I observe embryonically are 
bona fide slowly adapting mechanoreceptors.  The functional identity of TrkC:tdTomato-negative, 
NFH-positive afferents remains unknown.   
The concurrent development of hair follicles and touch domes in close proximity suggests that 
TrkC:tdTomato-negative, NFH-positive afferents might be hair-follicle afferents that are 
mistargeted transiently during embryogenesis.  For example, TrkC:tdTomato-negative afferents, 
which exuberantly innervate touch domes at late embryonic and early postnatal stages, could be 
mistargeted circumferential endings, which activate the TrkC locus postnatally (Bai et al., 2015) 
or recently identified mechanonociceptive circumferential endings (Ghitani et al., 2017).  NFH-
positive candidates are the Npy2r-expressing rapidly adapting afferents that innervate adult 
primary follicles (Li et al., 2011). Alternatively, these neurons might represent TrkA-dependent, 
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Ret-expressing neurons that innervate touch domes during development; however, such TrkA-
dependent neurons are NFH-negative (Niu et al., 2014).  An intriguing area for future study is to 
define the molecular identity of these transient touch-dome neurons, as well as the guidance cues 
that mediate selective targeting and retraction of touch-dome afferents during development. 
Merkel cells have long been postulated to play a role in selective recruitment or refinement of 
touch-dome afferents; however, NFH-positive afferents target adult touch domes in the absence of 
Merkel cells (Maksimovic et al., 2014; Maricich et al., 2009; Reed-Geaghan et al., 2016).  Indeed, 
Merkel cells are not required to recruit either population of NFH-positive afferents that I observed 
in this study.  Touch-dome afferents branch extensively in adult Merkel cell-knockout animals, 
suggesting that Merkel cells aid in refinement of afferent terminals (Maksimovic et al., 2014; 
Maricich et al., 2009).  In this study, I did not observe a difference in terminal branch number 
between control and knockout animals at E18.5.  This suggests that Merkel cells are required for 
postnatal maturation of sensory arbors, which accords with my model that mistargeted afferents 
retract from touch domes at postnatal stages.  
In summary, this study defines touch domes as placode-derived sensory structures that 
selectively recruit sensory neurons during development and rely on BMP signaling for their 
assembly.  Placodes are evolutionarily conserved across vertebrate species.  Thus, it will be 
intriguing to discover whether mammalian touch receptors co-opt the same molecular mechanisms 
to drive their development or have evolved unique ones. 
METHODS 
Mice 
BMP4CFP, TrkCtdTomato, Atoh1LacZ, K14rtTa and K14Cre animals were described previously (Bai et al., 2015; 
Ben-Arie et al., 2000; Dassule et al., 2000; Jang et al., 2010; Nguyen et al., 2006).  See Key 
Resources Table (Appendix B) for further information about transgenic lines. Animal studies were 
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approved by the Institutional Animal Care and Use Committees of Columbia University and The 
Rockefeller University.  Specimens were collected from both embryonic and postnatal mice.  
Gestation day E0.5 was defined as 12PM on the day a plug was discovered.  Both male and female 
mice were used for all experiments. 
Immunohistochemistry 
Dorsal skin samples or whole embryos were fixed with 4% paraformaldehyde on ice for three 
hours.  For whole–mount preparations, skin samples were washed in Triton-X PBS (PBS-T) for 
4-6 hours and then incubated in primary and secondary antibodies.  Whole-mount 
immunohistochemistry was performed as previously described (Lesniak et al., 2014; Li et al., 
2011).  Briefly, tissue was fixed in 4% paraformaldehyde (PFA) overnight, washed in 0.01% (for 
samples < E18.5) or 0.03% (for samples ≥ E18.5) PBS-T and incubated in primary antibody for 
72–96 h at 4°C.  After 5-10 h of washes in PBS-T, samples were incubated for 48 h at 4°C in 
secondary antibodies.  After staining, tissue was dehydrated in a series of methanol dilutions (25-
100%) and cleared using a 2:1 benzyl benzoate/benzyl alcohol solution. 
For histochemistry cryosections, samples were cryoprotected after fixation for 48 h at 4°C in 
30% (wt/vol) sucrose.  Immunohistochemistry was performed as previously described (Lumpkin 
et al., 2003).  Briefly, tissue was first incubated in 0.01% PBST 5% NGS for 1 h at room 
temperature and then in primary antibodies overnight at 4°C.  After washing in PBS, samples were 
incubated for 45 min at room temperature in secondary antibodies.  Tissue was then washed five 
times in PBS and mounted with Fluoromount.  All antibodies used are listed in the Key Resources 
Table (Appendix B). 
Imaging and image processing 
All specimens were imaged in three dimensions (0.5–1 μm axial step sizes) on a Zeiss Exciter 
confocal microscope equipped with 20X, 0.8 NA and 40X, 1.3 NA objective lenses.  
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Quantification was performed in unprocessed axial stacks. For publication, representative images 
were cropped to regions of interest and output levels were linearly adjusted to ensure the histogram 
filled the dynamic range.  Gamma was not changed.  Confocal image stacks were prepared for 
publication in Fiji (Schindelin et al., 2012) or Photoshop (Adobe). 
Quantification of Merkel cells and hair follicle lengths 
Confocal image stacks were imported into Neurolucida (MBF Bioscience, Williston, VT).  Hair 
follicles and touch-domes were both marked by K17 staining and distinguished by their axial 
position.  Hair follicles jutted down into deeper axial planes whereas touch domes spread into the 
superficial axial planes.  Merkel cells that overlapped with K17 immunoreactivity and were 
positioned in deep skin layers were counted as “follicle”.  Merkel cells positioned outside in axial 
planes superficial to budding follicles were counted as “touch dome”.  Primary follicle lengths 
were traced linearly in three dimensions by stepping through optical sections and drawing lines 
along the central axis of the hair follicle.   
Quantitative analysis of NFH-positive neuronal populations 
For line cross analysis, confocal image stacks were first projected two-dimensionally in ImageJ 
and then imported into Illustrator (Adobe).  The rectangular grid tool was used to overlay a series 
of lines spaced 3 µm apart, with the “0” line drawn at the skin surface.  A modified Sholl analysis 
was performed to count the number of crossings for either NFH-positive or TrkC-positive afferent 
branches.  Each marker was quantified independently.  A crossing was defined as an intersection 
between an NFH-positive and TrkC-positive branch and an overlaid line. 
To analyze the kinetics of Merkel-cell contacts, the total number of K8-positive cells were 
counted in whole mount and cryosection images.  Then, the number of K8-positive cells within 
one pixel from afferent branches was counted as contacted by either TrkC- or NFH-positive 
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innervation.  The percentage of contacted Merkel cells across developmental stages was then 
plotted and fit to an exponential curve. 
Depth coding 
The ImageJ Temporal Color Code tool (Schneider et al., 2012) was used to depth code confocal 
image stacks.  A new lookup table was generated inversely to the “Ice” lookup table and was used 
to pseudo color each image in the stack based on its axial depth.  Images were then projected and 
inverted to a white background in Photoshop.  Since skin thickness changes during development, 
and each specimen was depth coded over its full thickness, the span of the color code scale for 
each image varies.   
In utero lentiviral injection 
Preparation of high-titer lentivirus and in utero ultrasound-guided lentiviral injections were 
performed as previously described (Beronja et al., 2010).  Lentiviral Dox-inducible Noggin was 
cloned by PCR from pMgB950 to generate pLKO-TRE-Nog-PGK-H2BGFP.  K14rtTA transgenic 
males (CD1 strain) were mated with CD1 wild-type females.  At E9.5, a subset of embryos in each 
pregnant dam was injected with high-titer lentivirus.  Pregnant dams were fed Dox (2 mg/kg) chow 
either from E14.5–P0 or from E17.5–P0 to activate the rtTA transcription factor.  Pups were 
sacrificed at birth (P0) for tissue collection.  Pups that had successfully taken up virus expressed 
GFP visibly in their skin, which I assessed by viewing all animals with a fluorescent stereoscope.  
All pups were genotyped to determine K14rtTA expression.  K14rtTA-positive GFP-positive mice 
were analyzed as experimental biological replicates.  K14rtTA-positive GFP-negative mice and 




Statistical analyses were performed with Prism 5 (Graphpad).  For parametric data with three or 
more groups, one-way ANOVAs were followed by Tukey’s post hoc analysis for between-group 
comparisons.  Two-way ANOVA was used to compare the effect of two factors and were followed 
by Sidak’s multiple comparisons test.  Unpaired, non-parametric data were analyzed using the 
Kruskal-Wallis test with Dunn’s post hoc comparison.  Student’s two-tailed t test was used to 
compare means of two normally distributed groups. Linear regressions were performed in Prism 
and Pearson’s correlation values were assessed based on these fits. The normality of population 






THE ROLE OF TOUCH-DOME KERATINOCYTES IN 
DEVELOPMENTAL ASSEMBLY OF MERKEL CELL-NEURITE 
COMPLEXES 
 
The experiments in this chapter were carried out using Keratin17CreERT2/+ mice that were generously 
provided by Dr. David Owens. 
 
Epithelial placodes play myriad roles in generating sensory and epidermal structures (Biggs 
and Mikkola, 2014; Hall et al., 1999; Piotrowski and Baker, 2014; Schlosser, 2005; Streit, 2004; 
Whitfield, 2015).  Typically, placodes give rise to sensory cells and supporting cells (Hall et al., 
1999; Whitfield, 2015).  In some systems, such as taste buds, supporting cells can maintain sensory 
cells or produce new ones (Okubo et al., 2009).  Placode-derived epithelial cells can also aid in 
recruiting sensory innervation. 
Several lines of evidence indicate that touch-dome keratinocytes that express Keratin-17 (K17) 
maintain Merkel cell-neurite complexes in adult mice.  First, Merkel cells arise from the K17 
lineage in adult mice (Doucet et al., 2013).  Second, when touch-dome keratinocytes are ablated, 
the neuronal architecture of touch-dome afferents is disrupted (Doucet et al., 2013).  Finally, when 
grafted onto wounded skin, touch-dome keratinocytes, when mixed with dermal fibroblasts, 
produce innervated Merkel cell-neurite complexes (Doucet et al., 2013).  Given that K17-
expressing cells are present in the touch-dome placode, they are ideal candidates to give rise to 
Merkel cells embryonically and to recruit touch-dome innervation early in development.   
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To test whether K17-expressing cells are required for touch-dome development, I developed a 
pilot strategy to ablate these cells during the critical time window for touch-dome development 
established in Chapter II. 
RESULTS 
Developing a strategy to ablate touch-dome keratinocytes during embryogensis 
I first sought to design a strategy that would enable ablation of K17-expressing placode cells and 
touch-dome keratinocytes between E15 and E17 (see Chapter I). Keratin17CreERT2/+ mice conditionally 
express CreERT2 in K17-lineage epithelial cells in touch domes and hair follicles in adult mice 
(Doucet et al., 2013).  I crossed Keratin17CreERT2/+ mice to Rosa26 lox-stop-lox-Ai14 (R26tdTomato) mice to assess 
CreERT2 expression pattern (Fig. 3.1A).  For ablation, I also generated crosses with Rosa26lox-stop-lox-
DTA (R26DTA) mice, which express the diphtheria toxin A subunit (DTA) in Cre-expressing cells (Wu 
et al., 2006).  Pregnant dams were injected with tamoxifen during a span of days ranging from 
E14.5 to E17.  Detailed injection protocols used for each experiment are outlined in Table 3.1.  As 
an alternative strategy, I also crossed Keratin17CreERT2/+ mice to Rosa26 lox-stop-lox-DTR (R26DTR) mice.  These 
animals have been successfully used to ablate adult touch-dome keratinocytes and require injection 
of both tamoxifen, to drive expression of a diphtheria toxin receptor, and diphtheria toxin to induce 
ablation (Fig. 3.1B; Table 3.1; Doucet et al., 2013).  Thus, these crosses provided potential 
strategies to mark embryonic K17-lineage cells and to ablate these cells during embryogenesis. 
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Figure 3.1.  Transgenic strategies for labeling and ablating K17-expressing cells.   
A  Injection protocol for K17CreERT2;R26DTA and K17CreERT2;R26Ai14 mice.  B  Injection protocol for 
K17CreERT2;R26DTR mice. 
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My next task was to assess the Cre induction efficiency in Keratin17CreERT2/+;R26tdTomato mice.  The most 
effective strategy required six injections of 2 mg tamoxifen between E15 and E17.5 and harvest of 
pups before birth at E19.5 (Fig. 3.2A; Table 3.1, experiments 1–4).  Confocal imaging followed 
by depth-coding revealed that K17:tdTomato labeled hair-follicle keratinocytes, as well as 
superficial touch-dome keratinocytes (Fig. 3.2B).  K17:tdTomato expression was also observed in 
some keratinocytes between follicles, suggesting that K17-lineage cells populate the interfollicular 
epidermis during development (Fig. 3.2B).  High-magnification images showed K17-lineage cells 
in the supra-basal layers of touch domes (Fig. 3.2C).  These cells were large, flat, and reminiscent 
of umbrella cells in the uroepithelium (Castillo-Martin et al., 2010; Khandelwal et al., 2009).  
Closer inspection revealed that, though K17:tdTomato-positive cells packed in tightly with K8-
positive cells, very few Merkel cells were K17:tdTomato-positive (4%; N=353 Merkel cells; 
Fig. 3.2D).  These data suggest that either few embryonic Merkel cells are of the K17 lineage or 
that they arise from a K17-lineage cell that is specified and extinguishes expression of K17 prior 
to E15.  Overall, these data suggest that CreERT2 translocates to the nucleus of many touch-dome 
keratinocytes and few Merkel cells with this tamoxifen injection protocol. 
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Figure 3.2.  Touch-dome keratinocytes and hair follicles, but not Merkel cells, are labeled in 
K17CreERT2;R26tdTomato mice.    
A  Schematic of experimental design.  B  Depth coded axial projections of K17CreERT2;R26tdTomato mice 
labeled with antibodies against tdTomato.  Depth code color scale ranges from the skin surface (0 
µm) to the deep dermis (160 µm).  C Axial projections (10 µm thick) of a high-magnification 
confocal image of a touch-dome labeled with antibodies against tdTomato (magenta) and K8 
(green).  Arrows indicate superficial “umbrella” cells.  Scale bar = 50 µm. D  Expanded and higher 
axial resolution view of the touch dome shown in C.  Arrowhead indicates K8, K17:tdTomato 
double-positive cell.   
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Ablation of K17-expressing cells disrupts touch-dome development 
A challenging aspect of this approach was to inject enough tamoxifen (and diphtheria toxin, if 
needed) to achieve substantial ablation without inducing lethality.  Several courses of injections 
were performed to identify an optimal strategy (Table 3.1).  Keratin17CreERT2/+ ;R26DTR mice were not 
pursued after two experiments because injection of the toxin itself appeared to be lethal to embryos 
(Table 3.1, experiment 6).  Diphtheria toxin causes mortality in mice when administered at high 
doses, even though mice do not endogenously express the high-affinity receptor (Cha et al., 2003). 
Toxin injections were also damaging to embryos when the dose was reduced by an order of 
magnitude (Table 3.1, experiment 7).  Given that I had achieved widespread expression of a Cre-
depenent reporter in Keratin17CreERT2/+;R26tdTomato mice, I chose to inject Keratin17CreERT2/+ ;R26DTA pregnant 
dams between E15 and E17 to obtain consistently healthy embryos with sufficient Cre expression 
(Table 3.1, experiment 8).   
To assess touch-dome architecture in DTA-expressing mice, I performed 
immunohistochemistry on dorsal skin samples from Keratin17CreERT2/+ ;R26DTA ablated mice and R26DTA 
control mice, both of which were administered tamoxifen in utero (Fig. 3.3A).  Samples were 
stained with antibodies against K17, K8 and NFH to assess touch-dome keratinocytes, Merkel 
cells, and innervation, respectively (Fig. 3.3B, C).  Merkel-cell counts did not differ across groups 
(Fig. 3.3D).  Similarly, K17 expression, which was quantified by measuring pixel density and 
converting to area, was not statistically different across genotypes (Fig. 3.3E).  Afferent arbors 
were traced in three dimensions.  Quantification revealed that the number of terminal endings per 
square micrometer of K17 area, significantly increased in ablated mice (Fig. 3.3F).  Thus, although 
the touch-dome epithelium was not changed by my ablation protocol in this experiment, 
innervation density increased. 
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Figure 3.3.  Partially ablated touch domes exhibit increased neuronal branching.   
A  Schematic of experimental design.  B–C Representative images of E18.5 R26DTA (B; control) and 
K17CreERT2;R26DTA (C; experimental) skin specimens labeled with K8 (cyan), K17 (magenta) and NFH 
(green).  D  Quantification of Merkel cells per touch dome.  E  Quantification of K17 pixel area 
per touch dome.  F  Quantification of terminal branches per square micrometer of K17 area.  All 
P values are from two-tailed Student’s t tests.  Red lines indicate ____   
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In a final cohort, K17 area was markedly reduced in hair follicles and touch domes 
from K17CreERT2;Rosa26DTA mice as compared to Rosa26DTA mice, indicating that ablation 
was successfully achieved (Table 3.1, experiment 9, Fig. 3.4 and 3.5).  Merkel-cell numbers 
were also reduced in K17-lineage ablated mice (Fig. 3.4G).  The median number of NFH-
expressing terminal endings decreased from 16 in control mice to two in ablated mice, 
demonstrating that touch-dome epidermal cells are required to establish  innervation at late 
embryonic stages (Fig. 3.4E).  The number of touch-dome afferents that extended branches 
superficial to Merkel cells was also decreased in K17-ablated mice (Fig. 3.4F).  Given the dramatic 
loss of sensory branches and the reduction in the proportion of arbors that overshoot the Merkel-
cell layer, we conclude that touch-dome epidermal cells are necessary to establish the terminal 

























































































Figure 3.4.  K17-lineage keratinocytes are necessary for patterning touch-dome afferents 
during embryogenesis.  A  Experimental design.  B–C Axial projections of full-thickness E19.5 
skin specimens from Rosa26DTA and K17CreERT2;Rosa26DTA mice labeled with antibodies 
against K8 (green), K17 (magenta) and NFH (cyan).  D–G Quantification of K17 area (D), number 
of Merkel cells (E), number of terminal branches (F), number of arbors exhibiting sprouting above 
Merkel cells (G), across genotypes for mice that were administered Tamoxifen from E15–E17. 
N=39 touch domes from three animals per group.  Red lines denote medians.  Scale bars = 25 µm.  
Statistical significance was assessed with a Student’s t-test in D, MannWhitney tests in EF and a 





Figure 3.5.  K17-lineage keratinocytes are successfully ablated in embryonic 
K17CreERT2;Rosa26DTA mice.  Sagittal projections of full-thickness E19.5 skin specimens 
from Rosa26DTA (top) and K17CreERT2;Rosa26DTA (bottom) mice labeled with antibodies 
against K8 (green), K17 (magenta) and NFH (cyan).  Yellow boxes outline touch-dome epithelia.  
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DISCUSSION 
Experiment 8 did not achieve clean ablation of K17-positive cells without injecting lethal doses 
of drugs.  An initial phase of ablation may involve compensatory mechanisms that enhance cellular 
turnover.  Barrier dysfunction experiments are proof of principle for this concept, for damage to 
the epidermal barrier causes increased cellular turnover and epidermal thickening (Abel et al., 
2009).  Thus, this experimental design might have caused epidermal injury, which increased cell-
cycle rates, thereby rendering the amount of K17 protein in touch domes indistinguishable between 
the two genotypes in Experiment 8.  This hypothesis could be tested with 5-ethynyl-2’-
deoxyuridine (EdU) labeling or comparison of Ki67 levels in ablated and control skin. 
The model that K17-lineage cells proliferate in ablated mice is also attractive given that I also 
observed increase neuronal branching in ablated mice.  I initially expected that fewer K17-lineage 
cells during embryogenesis would correlate with fewer neuronal branches per touch dome, while 
more K17-lineage cells would correlate with more branches.  Thus, the finding that there were 
more terminal branches per touch dome aligns with this model.  Moreover, as keratinocytes age, 
they migrate from basal to apical layers of the epidermis, switch keratin expression profiles (e.g. 
K5/14 to K1/10), and eventually form the enucleated superficial layer before sloughing off into 
the cornified layer (Candi et al., 2005; Fuchs and Raghavan, 2002).  Increased cellular turnover 
could lead to an increased number of “umbrella-shaped” K17-lineage cells, but not necessarily 
K17-expressing cells.  NFH-positive afferents innervate the layer of the epidermis where these 
cells reside (see Chapter II).  Thus, K17-lineage cells remain likely candidate for recruiting 
overshooting neurons, since they inhabit more suprabasal layers than K17 immunopositive cells, 
which are primarily attached to the basement membrane but possess a columnar shape (Doucet et 
al., 2013; Moll et al., 1993).   
With a one-day increase in the length of time K17CreERT2;Rosa26DTA  mice were allowed to gestate, 
Experiment 9 achieved marked reduction in K17 immunoreactivity in hair follicles and touch 
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domes.  Merkel cell numbers and the number of terminal afferent endings also decreased in 
K17CreERT2;Rosa26DTA mice as compared to controls.  A longer gestation time allowed for more robust 
ablation of K17-lineage cells, and likely represents a second, late phase of ablation, with the 
hyperproliferative phase occurring in the early stages of ablation, as indicated by the results of 
Experiment 8. 
Nevertheless, both results support the model that K17-lineage cells are a source of attractive 






Keratin17CreERT2/+, Rosa26 lox-stop-lox-Ai14 (JAX 007914), Rosa26lox-stop-lox-DTA (JAX 010527) and Rosa26lox-stop-lox-DTR (JAX 
007900) animals were described previously (Buch et al., 2005; Doucet et al., 2013; Madisen et al., 
2010; Wu et al., 2006).  See Key Resources Table (Appendix B) for further information about 
transgenic lines. Animal studies were approved by the Institutional Animal Care and Use 
Committee of Columbia University.  Specimens were collected from both embryonic and postnatal 
mice.  Gestation day E0.5 was defined as 12PM on the day a plug was discovered.  Both male and 
female mice were used for all experiments. 
Immunohistochemistry, imaging and image processing 
See Chapter II for detailed methods.  All antibodies used are listed in the Key Resources Table 
(Appendix B). 
Statistics  




NOVEL TOUCH-DOME DERMAL CONDENSATES ARE 
GENETICALLY DISTINCT FROM HAIR-FOLLICLE 
MESENCHYMAL CELLS 
 
The experiments in this chapter were carried out using BMP4CFP/+ mice that were generously 
provided by Dr. Richard Behringer. 
 
Epidermal placodes, such as those that give rise to hair follicles, engage in molecular crosstalk 
with a mesenchymal population of cells; however, a mesenychmal-cell population that marks 
developing touch domes has not been previously described.  During the course of my thesis work, 
I identified such a population, which expresses BMP4:CFP in BMP4CFP reporter mice (see Chapter 
II).  This cell population clusters underneath touch domes by E16.5, when touch-dome epithelial 
cells and innervation first appear with Merkel cells.  Interestingly, inhibition of BMP signaling by 
Noggin from E14.5-E17.5 causes a drastic decrease in touch-dome keratinocytes, Merkel cells, 
and innervation density (see Chapter II).  Thus, these cells might influence touch-dome 
development by secreting BMP4 and either inducing proliferation or preventing apoptosis of 
touch-dome epithelial cells. 
Clusters of mesenchymal cells that induce formation and maintain growth of hair follicles also 
express BMP4 (Rendl et al., 2008).  Given that unique populations of sensory afferents innervate 
hair follicles and touch domes, it is possible that touch-dome dermal clusters are genetically 
distinct and molecularly distinguish touch domes from hair follicles.  Thus, I sought to determine 
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the genetic profile of touch-dome mesenchymal cells and to assess whether they express genes 
distinct from those characteristic of hair-follicle mesenchymal clusters. 
RESULTS 
In order to determine the gene-expression profile of touch-dome BMP4:CFP-expressing dermal 
cells, I first designed a protocol to isolate them from embryonic mouse skin (Fig. 4.1; see 
Appendix C).  Dermis was mechanically separated from epidermis after dispase treatment 
(Fig. 4.1A).  Trypsin was not used, in an effort to trap hair-follicle DP cells in the epidermal 
compartment.  Dermis specimens were then dissociated with collagenase (Fig. 4.1A).  When 
dermal cells from this preparation were plated on glass coverslips and imaged on a confocal 
microscope, I observed extensive clumping (Fig. 4.1B).  This phenomenon can occur when DNA 
is released from lysed cells during dissociation, so I added DNase treatment to my protocol.  I also 
observed several populations of cells that are brightly autofluorescent in the green and far-red 
wavelengths (Fig. 4.1B), so I opted to gate violet against red fluorescence during fluorescence-
activated cell sorting (FACS) to isolate CFP-expressing (CFP+) cells (Fig. 4.1C).  I then 
performed qPCR to show enrichment of Cerulean transcripts in sorted cells versus CFP-negative 
(CFP-) cells (Fig. 4.1D).  Thus, I devised a strategy to rapidly isolate BMP4:CFP expressing cells 
by FACS that could then be cultured or used for transcriptomic analysis. 
Tissues from two to four animals were pooled to yield samples of CFP+ and CFP- cells for RNA 
sequencing.  This experiment was repeated to produce three experimental replicates with RNA 
integrity numbers >8.  DNA libraries were then created and sequenced by the Columbia Genome 
Center.  Sequencing generated 24–35 million reads per sample.  Of those reads, 23–33 million 
unique reads were mapped to the genome.  Fifteen thousand transcripts and 12,000 genes were 





Figure 4.1.  Purifying BMP4:CFP-expressing mesenchymal cells from E18.5 dorsal skin. 
A  Schematic of experimental strategy to isolate BMP4-CFP-expressing mesenchymal cells.  B  
Confocal micrographs of CFP and endogenous fluorescence in isolated mesenchymal cells from 
E18.4 BMP4CFP mice prior to FACS.  Small panels show individual channels. Right large panel 
shows merge.  Arrows in right panels indicate bright cells in the ultraviolet (blue; ex. 405 nm, em. 
420-480 nm), green (ex. 488, em. 505-530), red (ex. 543, em. 506-615), and far-red (magenta; ex. 
633, em. >650) wavelength ranges.  Circled cells in the right panel match those indicated by arrows 
in the left panels.  C  A plot of red versus ultraviolet fluorescence was used to set regions around 
CFP+ and CFP- cells.  Plots from cells harvested from BMP4CFP mice were compared to those from 
BMP4+/+ littermate mice to verify regions.  D  Results from quantitative PCR experiment preformed 
on CFP+ cells (blue bar and gate in C) and CFP- cells (black bar, black gate in C).   
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Our next goal was to distill a short list of genes that were differentially expressed between CFP+ 
and CFP- cells.  DEseq yielded 18,902 up- or down-regulated gene transcripts in BMP4:CFP cells 
compared with CFP- cells.  Gene ontology analysis of the 2996 genes with fold change >2 or <0.5 
revealed BMP4:CFP-expresing cells are involved in extracellular matrix assembly and cell 
proliferation (GO Biological Process, Enrichr, see Appendix D). 
Since BMP4 is expressed in at least two mesenchymal-cell populations, my next goal was to 
identify genes that were specifically expressed in my cells of interest but not other BMP4:CFP-
expressing dermal cells.  More than 20 unique cell types have been characterized in developing 
skin.  Such types include highly BMP4-expressing dermal condensates near hair follicles.  Several 
of the signature genes for these populations were present in my gene list (Fig. 4.2; Rezza et al., 
2016; Sennett et al., 2015; www.hair-gel.net).  As such, I used an in silico subtractive approach to 
remove signature genes for all other known skin populations at E14.5 and P5 from my list.  This 
analysis provided a list of 1043 unique genes.  I then selected for genes with FPKM>50.  This 
cutoff yielded 110 genes (Table 4.1).   
To validate the expression profiles of these genes in embryonic skin, I performed RNAscope, 
a high-sensitivity in situ hybridization method, on the seven most enriched genes for which 
commercial probes were readily available: Slb9b2, Hdac6, Dhrs3, Tfap2c, Slb9b2, Hes5, Notum, 
and Lrrn1.  Slb9b2 expression was nearly undetectable by RNAscope anywhere in the skin.  Lrrn1 
was expressed by both touch-dome cells and hair-follicle dermal papilla cells (Fig. 4.3).  Hes5 and 
Notum were enriched in dermal condensates (Fig. 4.4).  Hdac6, Dhrs3 and Tfap2c were all found 
enriched in epidermal hair follicle cells and dermal cells that cluster with hair follicle, but with 
low or no expression in touch domes (Fig. 4.5).  Epidermal enrichment of some genes indicates 
that some epidermal cells contaminated purified BMP4:CFP+ cells and that in silico strategy to 
subtract epidermis signature genes was not sufficient.  Enrichment of genes in hair follicle 
mesenchymal cells  
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Figure 4.2.  BMP4:CFP-expressing mesenchymal cells express genes also found in DP and 
other skin cell types.   
The upper right quadrant of a volcano plot.  The adjusted P value from DEseq analysis is plotted 
against the fold increase in FPKM value observed in CFP+ versus CFP- cells for each gene.  
Magenta denotes genes found in hair follicle dermal condensates and dermal papilla.  Green, 
yellow and blue circles indicate genes expressed in melanocytes, placode/follicle, and Schwann 
cells, respectively. 
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Table 4.1.  Top enriched genes after in silico analysis.  





Slc9b2 60.1 0.3 182.7 
Ccdc48 90.9 0.8 115.3 
Notum 164.9 2.0 83.4 
Tfap2c 301.7 5.4 55.7 
Hes5 154.6 5.7 27.3 
Rnf144b 83.9 3.3 25.6 
Col13a1 98.8 4.1 23.9 
Plod2 315.0 19.2 16.4 
Lrrn1 389.7 25.0 15.6 
BC057079 94.5 6.4 14.7 
Cacna2d1 68.6 5.1 13.4 
Jag1 105.8 8.1 13.1 
Trim47 132.5 11.0 12.0 
Prex2 50.3 5.0 10.1 
Ncald 68.0 7.0 9.7 
D16Ertd472e 54.2 6.0 9.0 
Tmem158 71.6 8.8 8.1 
X99384 77.1 9.8 7.9 
Wnt5a 213.2 27.3 7.8 
Mpped2 63.5 8.9 7.1 
Rb1 62.3 8.9 7.0 
Hdac6 62.5 9.1 6.9 
Stmn2 99.6 14.6 6.8 
Dhrs3 213.2 34.2 6.2 
Tnfrsf19 231.4 37.6 6.1 
BC005764 84.1 13.8 6.1 
Jak2 131.2 22.1 5.9 
Snora34 304.4 58.0 5.2 
Setbp1 77.6 15.0 5.2 
Notch1 71.0 13.8 5.1 
Ctbp2 140.6 31.2 4.5 
Heyl 92.1 21.5 4.3 
Eif2c1 55.9 13.5 4.1 
Fmnl3 85.5 20.9 4.1 
Ankrd50 118.4 29.0 4.1 
Tspan9 146.6 36.9 4.0 
Pygl 58.8 14.9 3.9 
Cdk19 51.2 13.4 3.8 
Atp2b1 115.6 30.6 3.8 
Runx3 51.9 13.9 3.7 
Cebpa 119.3 32.8 3.6 
Neo1 96.7 27.4 3.5 
Apcdd1 995.0 282.4 3.5 
Nrbp2 128.0 36.4 3.5 
Vgll4 92.8 27.1 3.4 
Fam193b 71.6 21.3 3.4 
Sccpdh 65.8 19.7 3.3 
Cib2 52.5 15.8 3.3 
H2-Ke6 73.0 22.0 3.3 
Rgs12 70.9 21.5 3.3 
Zdhhc1 60.5 18.7 3.2 





Ctxn1 55.3 17.2 3.2 
Nelf 66.9 21.2 3.2 
Leng8 107.6 34.1 3.2 
Nxn 98.8 31.3 3.2 
Csad 56.3 18.0 3.1 
Zfp532 53.9 17.3 3.1 
Meg3 716.8 242.4 3.0 
Plxnd1 52.4 17.8 2.9 
Podxl2 113.7 38.7 2.9 
Adipor2 90.6 31.3 2.9 
Ccdc50 62.6 21.9 2.9 
Kdm5b 53.4 18.7 2.9 
Gdi1 176.5 62.2 2.8 
Pam 73.7 26.1 2.8 
Sfrs18 79.0 28.5 2.8 
Dtx3 204.0 74.6 2.7 
Mrps6 57.3 21.1 2.7 
Tspan14 94.4 34.9 2.7 
Luc7l3 69.1 25.7 2.7 
Akap8l 83.2 31.1 2.7 
Dpysl3 71.2 26.7 2.7 
Cdc42ep4 94.7 35.7 2.7 
Cst3 624.9 238.1 2.6 
Xist 68.4 26.1 2.6 
Efnb1 69.4 26.5 2.6 
Ccnl2 211.6 81.8 2.6 
Gramd1a 94.1 36.4 2.6 
Nfat5 59.1 23.0 2.6 
Tia1 58.0 22.6 2.6 
Etnk1 64.8 25.3 2.6 
Polr3gl 51.8 20.5 2.5 
Ubp1 77.1 30.6 2.5 
Malat1 138.5 55.6 2.5 
Ubxn4 66.6 26.7 2.5 
Brf1 52.1 20.9 2.5 
Tgif1 54.4 21.9 2.5 
Txndc15 80.0 32.3 2.5 
Srrm2 201.1 81.4 2.5 
Clk4 82.7 33.8 2.4 
Ubr5 56.6 23.4 2.4 
Nop56 125.8 52.5 2.4 
Ypel3 90.5 37.8 2.4 
Znf512b 57.0 24.0 2.4 
Sox4 85.4 36.3 2.4 
Csrp2 208.3 88.8 2.3 
Rab31 76.9 32.8 2.3 
Fgd5 65.7 28.1 2.3 
Cirbp 91.6 39.4 2.3 
Col14a1 190.2 83.4 2.3 
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Figure 4.3.  Lrrn1 is expressed in dermal papilla cells and touch domes. 
Representative images from RNAscope analysis of Lrrn1 expression in E18.5 dorsal skin.  Dashed 
lines outline the epidermis.  Lrrn1 is shown in green, DAPI in grey, K8 in blue, and BMP4:CFP 
in magenta.  
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Figure 4.4.  Hes5 and Notum are expressed in dermal papilla cells but not touch domes. 
Representative images from RNAscope analysis of Hes5 (A–C) and Notum (D–E) in E18.5 dorsal 
skin.  Dashed lines outline the epidermis.  Probed gene is shown in green, DAPI in grey, K8 in 
blue, and BMP4:CFP in magenta. 
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Figure 4.5. Hdac6, Dhrs3 and Tfap2c are expressed in dermal papilla cells and in the 
epidermis but not touch domes. 
Representative images from RNAscope analysis of E18.5 dorsal skin.  Dashed lines outline the 
epidermis.  Probed gene is shown in red, DAPI in blue, K8 in cyan, and BMP4:CFP in green.
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validates my RNA sequencing results, but does not identify uniquely expressed genes in touch-
dome mesechymal cells. 
Slc9b2 was not expressed anywhere in skin.  Thus, these experiments identify several genes 
expressed by BMP4:CFP-positive cells and one gene expressed by touch-dome mesenchymal 
cells. 
DISCUSSION 
In this study, my goal was to explore the transcriptome of novel touch-dome mesenchymal cells.  
Our RNAseq analysis provides insight on their potential function and indicates that they express 
distinct genes from those of hair-follicle mesenchymal cells.  In particular, GO analysis identified 
that pathways involved in extracellular matrix assembly and cell proliferation are activated in these 
cells.  These results suggest that BMP4:CFP-expressing cells play a role in producing extracellular 
matrix proteins, which are required to maintain skin architecture and could also guide axons during 
development.  Cell proliferation GO terms hint that these cells might be involved in enhancing 
proliferation of touch-dome epithelial cells, as it is known that hair-follicle mesenchymal cells are 
required to promote follicle growth.  Moreover, this study lends credence to the idea that touch-
dome mesenchymal cells represent a unique population.   
Histochemical studies validated that Lrrn1 is expressed in BMP4:CFP cells beneath 
developing touch domes and hair follicles.  Lrrn1 is a leucine-rich-repeat protein that is expressed 
in the developing nervous system (Taguchi et al., 1996). To my knowledge, this is the first study 
to implicate Lrrn1 in skin development.  Relatively little is known about the cellular function of 
LRRN1; however, genetic disruption of Lrrn1 in chick development disrupts boundary formation 
between the midbrain and hindbrain (Tossell et al., 2011).  By analogy, LRRN1 in touch-dome 
mesenchymal cells could be playing a role in delineating touch domes and hair follicles from other 
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skin areas, perhaps also enhancing innervation of these areas by mechanosensory afferents as 
compared with other epithelial zones.  
Although I did not identify a selective marker for BMP4:CFP touch-dome cells in a pilot 
RNAscope analysis of seven enriched genes, future studies of the remaining candidate genes might 
do so.  The optimized protocols for isolating BMP4:CFP-expressing mesenchymal cells developed 
here permit future studies that take advantage of improved RNAseq technologies  For example, 
single-cell RNAseq would enable more careful dissection of the cell types that express BMP4-
CFP in the dermis of these transgenic mice.  Such future studies would provide valuable insights 
into skin development, as recent reports underscore genetic heterogeneity of dermal cells (Driskell 
et al., 2013; Tabib et al., 2018). 
METHODS 
Mice 
BMP4CFP/+ were described in Chapter II (Jang et al., 2010).  See Key Resources Table  (Appendix 
B) for further information. Animal studies were approved by the Institutional Animal Care and 
Use Committee of Columbia University.  Specimens were collected from both embryonic and 
postnatal mice.  Gestation day E0.5 was defined as 12PM on the day a plug was discovered.  Both 
male and female mice were used for all experiments. 
Cell isolation 
Dorsal skin was isolated from E18.5 mice and placed in cold HBSS until all dissections were 
complete.  Specimens were floated in Dispase (Corning) for 1 h at 37°C.  After peeling away the 
epidermis, dermal tissue was placed in Collagenase Type I (Worthington) and agitated in a 
hybridization oven for 10 min at 37°C to dissociate cells.  DNase I (Worthington) was added to 
the mixture and tissue was agitated for and additional 5 min.  Cells were recovered in a 50 mL 
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conical tube in D-MEM/10% Donor Bovine Serum (DBS) for 15-30 min rocking at room 
temperature.  Cells were then filtered twice, once through a 70 µm cell strainer and then again 
through a 40 µm strainer.  Cells were then collected by centrifugation (1200 RPM for 10 min).  
Pellets were resuspended in D-MEM/10% DBS (roughly 107 cells per mL).  This procedure yielded 
>107 cells per mouse and cell viability, as determined by Trypan blue exclusion, was roughly 80%. 
Fluorescence-Activated Cell Sorting (FACS) 
Cells were purified with a BD Aria II cell sorter.  Dead cells and debris were excluded by setting 
gates on forward- versus side-scatter plots.  Next, I used plots of CFP fluorescence (450/40 nm) 
versus red autofluoresence (580/30 nm) to set gates around CFP-positive (CFP+) and CFP-
negative (CFP-) cells.  Equal numbers of CFP+ and CFP- mesenchymal cells were collected during 
each sort so that cells from the same animals could be directly compared.  Cells were collected 
directly into lysis buffer. 
RNA sequencing 
PolyA pull-down was used to enrich mRNAs from total RNA samples (at least 200ng per sample, 
RIN > 8).  An Illumina TruSeq RNA prep kit was used for library preparation.  Libraries were then 
sequenced using an Illumina HiSeq2000 Sequencing System at the Columbia Genome Center.  
Samples were multiplexed in each lane, yielding a targeted number of single-end 100 bp reads for 
each sample, as a fraction of 180 million reads for the entire lane. 
Illumina Real-Time Analysis was used for base calling and bclfastq (version 1.8.4) was used 
for converting binary base call to fastq format, coupled with adaptor trimming.  Reads were 
mapped to the mouse UCSC/mm9 reference genome using Tophat (Trapnell et al., 2009; version 
2.1.0) with 4 mismatches (--read-mismatches = 4) and 10 maximum multiple hits (--max-multihits 
= 10).  To tackle the mapping issue of reads that are from exon-exon junctions, Tophat infers novel 
exon-exon junctions ab initio and combines them with junctions from known mRNA sequences 
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(refgenes) as the reference annotation.  The relative abundance of genes and spice isoforms was 
estimated using Cufflinks (Trapnell et al., 2010; version 2.0.2) with default settings.  The R 
package DEseq (Anders and Huber, 2010) which is based on a negative binomial distribution that 
models the number of sequencing reads, was used to test for differential expression of genes.  
In situ hybridization and immunohistochemistry 
Freshly dissected dorsal skin from E18.5 mice was flash frozen in OCT.  Thin sections (10-14 µm) 
were cut and laid on uncoated Superfrost Plus slides.  As few sections as possible were applied to 
each slide for each experiment to minimize reagent waste in later protocol steps.  Sections were 
allowed to dry briefly at room temperature before being immersed in 4% paraformaldehyde for 15 
minutes on ice.  Sections were then washed twice in PBS with agitation for a few seconds each 
time.  Sections were dehydrated in an ethanol series (50%, 70%, 100%) and then allowed to dry 
for 5 min.  After tight borders were drawn around sections, at least 5 drops of Protease IV were 
applied to fully cover each section and were allowed to incubate for 30 minutes at room 
temperature.  Slides were washed again in PBS.  I then placed the slides in the slide rack and 
dropped on enough probe to cover the sections before incubating for 2 hours at 40°C in an EZhyb 
oven.  During this step, double-Z probe pairs, which are able to specify between target and non-
target RNA, hybridized to the target RNA.  After hybridization is complete, I washed the slides in 
wash buffer (WB), twice, for two minutes each.  I then applied a series of amplification buffers.  
Each buffer enhances specificity and sensitivity.  The last amplification buffer contained 
fluorescently-tagged markers, which enabled visualization of single RNA molecules as small 
puncta.   
Immunohistochemistry (IHC) was performed after RNAscope.  IHC procedures are described 
in Chapter II.  All antibodies used are listed in the Key Resources Table (Appendix B). 
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Imaging and image processing 





CONCLUSIONS AND FUTURE DIRECTIONS 
 
With this body of work, I have sought to discover how sensory structures are built, a classic puzzle 
that biologists have addressed for centuries.  For touch domes specifically, I have placed the 
formation of a specialized tactile structure in the context of what is known about skin development 
(Fig. 5.1).  Touch domes emerge by E16.5, just two days after primary hair follicles are specified.  
They are marked by patches of Keratin-17-expressing epithelial cells, Merkel cells, and clusters 
of BMP4:CFP-expressing mesenchymal cells.  Moreover, they selectively recruit at least two 
populations of sensory neurons during embryonic development.  Thus, these studies define key 
time points and identify important cell types involved in assembling touch domes, complete with 
Merkel cells and sensory innervation.  Additionally, I found that BMP signaling promotes touch-
dome development from E14.5 to E17.5, in a manner that is decoupled from maturation of primary 
hair follicles.  Molecular coupling of BMP expression in touch-dome mesenchymal cells with 
dependence on BMP signals in epithelial cells for development bolsters a placode-based model for 
building mammalian touch receptors. 
Placodes are evolutionally conserved structures that give rise to a variety of sensory structures 
across species.  The oral and atrial siphon primordium of tunicates, for example, are homologous 
to vertebrate placodes, both in their dependence on FGF for development and their competency to 
give rise to mechanosensory cells (Schlosser, 2015).  Vertebrate cranial placodes are thickened 
patches of embryonic ectoderm that give rise to sense organs and ganglia in the head.  Cranial 
placodes include the adenohypophoseal, lateral line, olfactory, lens, profundal, trigeminal, otic and 
epibranchial placodes (Schlosser, 2015).  All placodes arise from a common pre-placodal ectoderm 
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(PPE), which is initially specified in developing organisms by a gradient of BMP morphogen 
(Kwon et al., 2010).  The PPE expresses transcription factors of the Six1/2 and Six4/5 families as 
well as their Eya family co-activators (Saint-Jeannet and Moody, 2014; Schlosser, 2015; Singh 
and Groves, 2016). Each cranial placode arises from the PPE and is then competent to produce 
neurosecretory and sensory cells.  Proneural transcription factors, such as Atoh1 are expressed 
downstream of Six and Eya; however, the precise mechanisms by which Six and Eya specify pro-
sensory zones of ectoderm over non-sensory zones remains unknown (Schlosser, 2015).  Although 
the placodes found in skin that give rise to hair follicles and sebaceous glands do not share a 
common developmental origin with cranial placodes (Schlosser, 2006), it would be interesting to 
determine whether Six and Eya, or other cranial placode transcription factors, are enriched in touch 
domes.  If so, this finding would further establish touch domes as placode-derived structures and 
shed light on the molecular mechanisms that govern touch-dome development.   
Molecules required for selective recruitment to touch domes are not yet known; however, this 
body of work highlights the likely cell types that release attractive cues.  My studies demonstrate 
that Merkel cells are not required to recruit touch-dome afferents during development and identify 
three other cell types that could mediate selective targeting during embryogenesis: K17-expressing 
epithelial cells, touch-dome mesenchymal cells, and K17-lineage, K17-negative umbrella-shaped 


































































































































































































Figure 5.1.  Summary of key findings 
The top row illustrates progression of developing touch domes, including K17+ cells (Magenta), 
BMP4+ cells (cyan), Merkel cells (green) and afferents (black and orange).  Bottom row indicates 
the P0 and adult configurations of touch domes in Noggin overexpressed, TeNT and Atoh1 
conditional knockout mice.,  
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could secrete long- or short-range attractive cues to mediate recruitment and maintenance from 
E16.5 onward.  They could also play a role in secreting repulsive cues at early postnatal stages to 
spur refinement of exuberant TrkC-negative neurons.  Single-cell RNA sequencing of BMP4:CFP-
expressing cells and K17:tdTomato-expressing cells could aid in computationally identifying 
touch-dome cell populations and pinpointing guidance cues. 
One aspect of the process of Merkel-cell afferent development that remains unaddressed is the 
mechanism by which such afferents first target the skin.  Touch-dome afferents initiate contacts 
with Merkel cells by E16.5, simultaneously with the emergence of touch-dome keratinocytes and 
mesenchymal cells.  Primary hair-follicle placodes could secrete attractive cues beginning at 
E14.5.  This model for early guidance is appealing because primary follicle specification begins 
and ceases before other follicle types are born, creating a localized, discrete, and transient source 
of cues.  If specific markers of hair-follicle placodes become available, one could test this model 
by comparing the transcriptomic signatures of placodes from different hair-follicle types.   
Alternatively, protrusion of hair follicles into the dermis could cause local mechanical changes 
that activate mechanosensory afferents.  Mechanical cues might drive placode patterning.  In fact, 
a recent study implicated dermal cell clustering as a driver of epidermal placode specification in 
avian skin (Shyer et al., 2017).  This mechanism seems unlikely given that touch-dome afferents 
appear to target touch domes normally in mice lacking Piezo2, which is a mechanosensory ion 
channel that Merkel-cell afferents express.  In order to directly test the role of physical force on 
axon guidance in the skin, development of an ex vivo model system in which afferents can be 
preserved in intact embryonic skin will be useful.  The extracellular matrix could also dictate the 
path that afferents take as they course through the skin toward their targets.  Emerging evidence 
suggests that the extracellular matrix in the dermis might be heterogeneous, which could permit 
selective binding of integrin receptors on growth cones during path finding.  Histochemical studies 
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with matrix molecules known to influence axon guidance at E15.5 and earlier would shed light on 
this model.   
Later developmental time points are also of interest.  My data reveal a “mis-targeted” afferent, 
the molecular identity of which is still uncertain.  Detailed analysis of NFH and TrkC expression, 
as well as the patterns of other molecularly identified afferents, from P0 to P21 will be required to 
learn the fate of TrkC:tdTomato-negative neurons in the touch dome.  Additionally, although 
Merkel cells are not required for targeting or branching of afferents by P0, there are clear 
differences in branching patterns and the shapes of neuronal endings where afferents contact the 
epidermis in mice lacking Merkel cells.  This finding suggests that postnatally, signals from 
Merkel cells dictate afferent maturation, which could be mediated by activity-dependent 
mechanisms or by cell-adhesion molecules.  The postnatal re-arranging of Merkel cell afferents 
mimics the activity-mediated pruning of climbing fibers in the developing cerebellum (Kano et al., 
2018).  Additionally, given that Merkel cells express several cadherins, including protocadherins 
that have been implicated in mediating synapse formation (Weiner et al., 2005), it will be 
interesting to test whether disruption of these molecules alters neuronal morphology or function.  
If so, Merkel-cell signaling might play a significant role in establishing touch receptors with 
functional relevance to the brain at postnatal stages. 
Overall, this work lays the groundwork for several novel avenues of future research.  The most 
impactful line of investigation will be to identify the molecular cues that dictate development and 
maturation of touch-sensitive neurons.  The genetic tools and transgenic mouse models needed to 
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APPENDIX A: GLOSSARY OF TERMS 
Afferent An axon that carries sensory information from peripheral organs to the 
central nervous system. 
Dermis A deep layer of skin mainly composed of fibroblasts and extracellular matrix 
proteins. 
Dorsal root ganglia Clusters of somatosensory neuron cell bodies that flank the spine. 
Epidermis A superficial layer of skin that forms the barrier between the internal organs 
and the outside world. 
Hair cells Mechanosensory cells that relay information about head position and sound 
and water flow to sensory neurons.  
Intervertebral 
foramina 
The space between two vertebrae that houses dorsal root ganglia. 




Somatosensory neurons that transduce gentle touch stimuli. 
High-threshold 
mechaonreceptors 
Somatosensory neurons that transduce noxious, or potentially tissue damaging, 
mechanical stimuli. 
Lateral line A system of sense organs that detect movement, pressure gradients, and 
vibration in aquatic animals. 
Merkel cells 
 
Epidermal cells that display features of mechanosensory receptor cells and 
form synapse-like connections with a particular type of tactile afferent 
Neural crest cells Ectodermal cells that delaminate from the neural tube during development 
and form sensory ganglia, melanocytes, bone, cartilage, smooth muscle and 
more. 
Nociceptors Sensory neurons that transduce noxious, or potentially tissue damaging, 
thermal, mechanical or chemical stimuli to the spinal cord. 
Placode Thickened regions of specialized epithelial cells that give rise to sensory 
structures (feathers,,hair, inner ear) and auxiliary tissues (lens, teeth). 








Peripheral neurons that transduce tactile, proprioceptive, thermal, pruritic and 
nociceptive stimuli into electrical signals that are relayed to the central nervous 
system.  
Skin appendage Mini-organs or structures embedded in the skin that serve specialized 
functions.  Examples include hair, sweat and sebaceous glands, nails, feathers 
and smooth muscles. 
Taste cells Specialized sensory cells that detect salty, sour, sweet, bitter and umami tastes. 
Touch domes Specialized raised epithelial structures that are found surrounding guard hairs.  
These structures contain Merkel cells and the neurons that innervate them are 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX C: DETAILED PROTOCOL FOR ISOLATING 
DERMAL CELLS
Materials: 
1. Depilatory cream (Surgicream)
2. PBS
3. Dispase Solution :
1 part HBSS (CMF) or PBS 
(Invitrogen Cat# 14170112)  
1 part Dispase  
(BD biosciences Cat # 354235) 
4. Collagenase Type I : Worthington Biochemical – LS004196; best prepared fresh, 10 mg/ml
in PBS.  Can store at -20°C.
5. DNaseI : Worthington Biochemical – LS002138; Stock solution 100 units/µl in PBS.  Store
at 4°C
6. DMEM : (Invitrogen) Store at -20°C.
7. Fibroblast Growth Medium = DMEM with 10% DBS.
Procedure:
1. For embryos, euthanize the pregnant dam, remove the pups and skip to Step 7.  For
haired mice, euthanize, shave, and apply depilatory cream to a large area of dorsal skin
for 6-7 minutes.
2. Rinse the skin thoroughly to remove depilatory cream and hair.
3. Dissect back skin.  Use the “reverse scissor” method to disconnect the skin from the
underlying fascia.
4. Rinse dissected and dehaired skins in PBS in a petri dish “dermis down” until you have
all of your skins ready.
5. Place the skin “dermis up” on the inside of the petri dish lid.  Scrape aggressively with a
scalpel, until the skin turns white.  Any residual dermal fat will prevent the dispase from
penetrating the tissue.
6. Move skin back to PBS wash to rinse. Cut skin into strips.  Smaller strips = shorter
dispase incubation time.
7. Treat with dispase for 1-2 hours in the dark (dispase is light-sensitive) at 37°C or until the
epidermis peels easily from the dermis.  Place skin samples in dispase “dermis down”.
8. Peel the epidermis away from the dermis with sharp forceps.  The epidermis is white,
transparent and tough while the dermis is fleshy and pink.
9. Use scissors to mince peeled dermis in a petri dish in a small volume of collagenase.
Embryonic dermis can simply be gently torn apart with forceps.
10. Incubate dermis pieces in 6.25 mL of collagenase shaking at 37°C for 15-20 minutes or
until a cell slurry forms and most of the pieces of dermis have broken apart.
11. Treat with 4 µL DNase for 5 min shaking at 37°C.
12. Inactivate collagenase and recover cells for 30 min in 30 mL fibroblast growth medium
rocking or stirring at RT.
130 
13. Filter cells two times into a 50 mL conical tube.  Strain cells first with 70 µm filter then
again with a 40 µm filter.
14. Spin down for 10 min @ 1,200 RPM.
15. Resuspend pellet in 2 mL preferred medium. I usually use DMEM or other enriched
medium. Spike with 40 µL DNase if cells are sticking to one another.
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APPENDIX D: TOP 100 GO TERMS FOR TRANSCRIPTOMIC 
ANALYSIS OF BMP4:CFP-EXPRESSING DERMAL CELLS
132
Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
extracellular matrix 







DNA synthesis involved in DNA 

















chronic inflammatory response 















inflammatory response to 







acute inflammatory response 

























Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
Kit signaling pathway 





collagen fibril organization 












G1/S transition of mitotic cell 




positive regulation of ERK1 
and ERK2 cascade 






extracellular matrix assembly 





fibronectin fibril organization 





activation of transmembrane 
receptor protein tyrosine 




positive regulation of cell 









biofilm matrix organization 






Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
cellulose microfibril 












organization in marginal zone 
involved in cerebral cortex 
radial glia guided migration 






organization involved in 
endocardium development 











gene expression involved in 
extracellular matrix 





positive regulation of activation 
of Janus kinase activity 




positive regulation of epithelial 







positive regulation of fibroblast 







Tie signaling pathway 





Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
positive regulation of calcium 
ion transport into cytosol 




platelet-derived growth factor 
receptor signaling pathway 




positive regulation of protein 
tyrosine kinase activity 




cellular response to trichostatin 
A (GO:0035984) 43/388 0.00 -3.41 39.96 MEF2C;IGFBP5;IL1B;CCL5;CCL3;CCL2;CYP1B1;TMEM173;TNF;CRIP1
vascular endothelial growth 
factor receptor signaling 




positive regulation of 
osteoblast proliferation 







glial cell-derived neurotrophic 
factor receptor signaling 




double minutes formation 




factor receptor signaling 
pathway (GO:0031547) 28/75 0.00 -2.80 37.28
BLK;ITK;CSF1R;CSF1;FLT3;TXK;SLA;CD3E;SLA2;GRAP2;BDKRB2;STAP1;PAG1;LYN;NTRK
2;MUSK;NTRK3;INSRR;IL31RA;PILRA;NGF;GFRA2;FGR;CD4;CD7;BTK;CLNK;LCP2
sevenless signaling pathway 




Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
positive regulation of fat cell 








kinase receptor signaling 
pathway (GO:0038063) 28/76 0.00 -2.74 35.70
BLK;ITK;CSF1R;CSF1;FLT3;TXK;SLA;CD3E;SLA2;GRAP2;BDKRB2;STAP1;PAG1;LYN;MUSK
;ITGA2;NTRK3;INSRR;IL31RA;PILRA;NGF;GFRA2;FGR;CD4;CD7;BTK;CLNK;LCP2
positive regulation of neural 
precursor cell proliferation 







C-C chemokine receptor CCR2
signaling pathway 
(GO:0038150) 22/49 0.00 -2.45 35.35
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
C-C chemokine receptor CCR4
signaling pathway 
(GO:0038152) 22/49 0.00 -2.45 35.31
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
C-C chemokine receptor CCR7
signaling pathway 
(GO:0038118) 22/49 0.00 -2.44 35.25
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
positive regulation of stem cell 







C-X-C chemokine receptor 
CXCR4 signaling pathway 
(GO:0038159) 22/49 0.00 -2.44 35.21
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
chemokine (C-C motif) ligand 
19 signaling pathway 
(GO:0038115) 22/49 0.00 -2.44 35.17
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
positive regulation of smooth 
muscle cell proliferation 








Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
chemokine (C-C motif) ligand 5 
signaling pathway 
(GO:0035689) 22/49 0.00 -2.43 35.12
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
chemokine (C-C motif) ligand 
21 signaling pathway 
(GO:0038116) 22/49 0.00 -2.43 35.09
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
chemokine (C-C motif) ligand 2 
signaling pathway 
(GO:0038148) 22/49 0.00 -2.43 35.07
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
chemokine (C-X-C motif) 
ligand 12 signaling pathway 
(GO:0038146) 22/49 0.00 -2.43 35.04
CCR1;CXCL9;CCL22;CCL11;GPR35;CXCL1;CXCL13;CXCL3;CXCL2;CXCL5;CXCL10;CXCL1
1;CXCL12;CCL7;CCL5;CCL4;CCL3;XCL1;PTK2B;CCL2;CCL1;CCR2
positive regulation of cell 
proliferation involved in kidney 







growth hormone receptor 
signaling pathway 
(GO:0060396) 28/80 0.00 -2.92 34.64
BLK;ITK;CSF1R;CSF1;FLT3;TXK;SLA;CD3E;SLA2;GHR;GRAP2;BDKRB2;STAP1;PAG1;LYN;
MUSK;NTRK3;INSRR;IL31RA;PILRA;NGF;GFRA2;FGR;CD4;CD7;BTK;CLNK;LCP2
positive regulation of glial cell 







positive regulation of 
chondrocyte proliferation 







cellular response to 
camptothecin (GO:0072757) 43421 0.00 -2.76 34.11 BLM;RAD51;IGFBP5;IL1B;CCL5;CCL3;HTR1B;CCL2;CYP1B1;TMEM173;TNF
mitotic spindle elongation 




Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
positive regulation of cerebellar 
granule cell migration by 





hepatocyte growth factor 
receptor signaling pathway 
(GO:0048012) 29/83 0.00 -2.78 33.89
BLK;ITK;CSF1R;NRP1;CSF1;FLT3;TXK;SLA;CD3E;SLA2;GRAP2;BDKRB2;STAP1;PAG1;LYN;
MUSK;NTRK3;HGF;INSRR;IL31RA;PILRA;NGF;GFRA2;FGR;CD4;CD7;BTK;CLNK;LCP2
neurotrophin TRK receptor 
signaling pathway 
(GO:0048011) 28/80 0.00 -2.85 33.75
BLK;ITK;CSF1R;CSF1;FLT3;TXK;SLA;CD3E;SLA2;GRAP2;CASP3;BDKRB2;STAP1;PAG1;LY
N;MUSK;NTRK3;INSRR;IL31RA;PILRA;NGF;GFRA2;FGR;CD4;CD7;BTK;CLNK;LCP2
positive regulation of cytosolic 
calcium ion concentration 
involved in phospholipase C-
activating G-protein coupled 
signaling pathway 





telomere maintenance via 
recombination (GO:0000722) 24/60 0.00 -2.57 33.52
RFC5;TOP2A;PRIM2;SP100;PARP3;FEN1;RFC4;PCNA;RFC2;PRIM1;RPA1;RPA2;RAD54B;R
ECQL4;POLA1;POLA2;RAD51;ARTN;POLE2;POLD1;POLE3;POLD2;DNA2;POLE
vascular endothelial growth 
factor signaling pathway 




mitotic metaphase plate 








ERBB signaling pathway 









Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
positive regulation of cell 
proliferation by VEGF-activated 
platelet derived growth factor 
receptor signaling pathway 







positive regulation of cell 
proliferation involved in 
compound eye morphogenesis 







positive regulation of cell 
proliferation in bone marrow 







positive regulation of germ cell 







positive regulation of leukocyte 







positive regulation of mammary 
stem cell proliferation 







positive regulation of sebum 
secreting cell proliferation 







positive regulation of skeletal 
muscle cell proliferation 







positive regulation of 
synoviocyte proliferation 







calcium ion transport into 





Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
positive regulation of cardiac 
muscle cell proliferation 







positive regulation of tyrosine 
phosphorylation of STAT 




positive regulation of chorionic 
trophoblast cell proliferation 








protein tyrosine kinase 
signaling pathway 
(GO:0007169) 27/77 0.00 -2.80 32.29
BLK;ITK;CSF1R;CSF1;FLT3;TXK;SLA;CD3E;SLA2;GRAP2;BDKRB2;STAP1;PAG1;LYN;MUSK
;NTRK3;INSRR;IL31RA;PILRA;NGF;GFRA2;FGR;CD4;CD7;BTK;CLNK;LCP2
positive regulation of hemocyte 







positive regulation of hair 
follicle cell proliferation 







positive regulation of 
secondary heart field 
cardioblast proliferation 







positive regulation of cell 
proliferation involved in heart 














cellular response to bile acid 
(GO:1903413) 43/356 0.00 -2.87 31.81 IGFBP5;ABCB4;IL1B;CCL5;CCL3;CCL2;CYP1B1;TMEM173;TNF
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Gene Ontology Term Overlap Adjusted P-value Z-score Combined Score Genes
synaptic transmission, 





positive regulation of 
mesenchymal cell proliferation 













positive regulation of myoblast 







positive regulation of peptidyl-
tyrosine phosphorylation 





positive regulation of MAPK 





cellular response to 
methotrexate (GO:0071414) 43/357 0.00 -3.08 31.43 DHFR;IGFBP5;IL1B;CCL5;CCL3;CCL2;CYP1B1;TMEM173;TNF
positive regulation of 
postsynaptic cytosolic calcium 











positive regulation of 
presynaptic cytosolic calcium 
concentration (GO:0099533) 28/83 0.00 -2.84 31.38
CALCA;C5AR1;LPAR1;FPR2;HMGB1;CXCL13;ADRA1B;ADRA1A;MCHR1;CYSLTR1;C3AR1;
BDKRB2;CCR9;PLCE1;PROK2;S1PR3;CCL1;TAC1;CCR5;CCR3;CD55;CCR2;CCR1;CD52;X
CR1;CAV3;GPR35;ESR1
